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A STUDY CP THICK-TARGET X-RAY SPECTRA 

USING PHOTONUCIEAR REACTIONS 

By*    Karl L. Prado 

Kegavoltage bremsstrahlung spectra which are produced in thick 

targets were investigated using photonuclear reactions.    Ratios of 

photonuclear yields in teflon and in KjJsiF^ fwere obtained that serve as 

sensitive indexes of thick target x-ray quality and endpoint energy in 

the energy range from about 14 to 30 MeV.    Because thick target 

bremsutrahlung spectra have never before been used in the determination 

of photonuclear reaction cross sections, a numerical analysis computer 

calculation of thick target brems Strahlung spectra was written to 

approximate the spectra of x-rays produced in thick targets of clinical 

electron linear accelerators and examine the feasibility of using such 

spectra for cross section determinations.    The spectra obtained by 

computer simulatiqnyere used to calculate the photonuclear cross section 

of the Up-(* »2p)   Na reaction from 25 to 33 MeV.   The calculated cross 

section is reported and is compared to a previously reported cross section 

and to a cross section calculated using thin target bremsstrahlung spectra. 

Analyses of the results obtained indicate that thick target x-ray spectra 

can be used for photonuclear reaction cross section determination. 
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A STUDY OF THICK-TARGET X-RAY SPECTRA 

USING PHOTONUCLEAR REACTIONS 

CHAPTER I 

INTRODUCTION 

High-energy linear accelerators are becoming increasingly more 

popular in radiation tharapy departments bacauaa of tha augmented treat- 

ment flexibility they provide radiation oncologists. Tha depth-dose 

characteristics of tha photon beams produced by these accelerators maxi- 

mize tha doaa deliverable to treatment volumes located at substantial 

depths vhiJ* minimizing the doaa to overlying healthy tissues. In addi- 

tion, tha rapid fall-off of tha depth doae of tha electron beams they 

•ay provide permit* treat;.*ent of tumors located at alight depths while 

sparing underlying structures. Tha nominal energies of many high-energy 

accelerators exceed the threshold energy for photonucleer reactions. 

Thus, tha study of photonucleer reactions is becoming an Increasingly 

more important part of tha medical radiological sciences. 

Photonucleer reactions have been applied In many different ways 

In medical radiation physics. The radioactivity Induced In radiation 

therapy patients has been used to investigate the distribution of dose 
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in the irradiated volume (1,2). Photonuclear activation analysis has 

been employed to detect trace amounts of certain elements in biological 

materials (3,4). Photoactlvation has been used to determine megavcltage 

x-ray spectra (5). Photonuclear reaction thresholds and cross-section 

resonances have been employed In the energy calibration of accelerators 

(6-8). Ratios of photoactlvation yields in pairs of metallic foils have 

been used to specify x-ray quality (9,10), Photoactlvation has been 

used also to produce clinically useful amounts of short-lived positron- 

emitting isotopes used in nuclear medicine (11,12). 

The research reported here utilized photonuclear reactions to 

study the bremsstrahlung spectra produced by a high-energy clinical 

linear accelerator. The study consisted of essentially three parts. 

First, ratios of photonuclear yields that describe the distribution in 

energy of photons in an x-ray beam were investigated. Second, a~numeri- 

cal analysis computer calculation of thick-target bremsstrahlung spectra 

was made to simulate the spectra of x rays produced in a clinical linear 

27      25 
accelerator. Third, the yield of the  Al(y,2p) Na reaction was 

measured and the cross section determined to Investigate the feasibility 

of using thick-target spectra for cross-section determination and to 

report on resonance structure in the cross section which previously has 

been unreported. 

Overview 

This report has been divided into five chapters. In Chapter I 

each of the three parts of the research are Introduced and the objectives 

of each part are set forth. In Chapter II the characteristics of photo- 

nuclear reactions are described, the measurement and analysis of phoco- 

—--—r 



nuclear yields Is discussed, and the equations used in subsequent calcu- 

lations are derived. Chapter III describes the materials used in the 

research and delineates the pi^cedures followed in each part of the work. 

Chapter IV presents the results of each of the three parts of the research, 

In Chapter V the conclusions made from the results obtained are set forth. 

Photonuclear Ratios 

X-ray quality is a term essentially used to describe the distri- 

bution in energy of photons in a bremsstrahlung beam. A statement of 

quality is useful to predict the penetration of the beam, to calculate 

differential absorption in various materials, and to attempt to explain 

variations in biological effectiveness (13). The most complete specifi- 

cation of quality is provided by the spectral distribution of fluence, 

or energy fluence, as a function of photon energy. The energy spectrum, 

however, is extremely difficult to measure, thus quality is commonly 

expressed in terms of certain parameters which are more simply measured. 

For a given waveform, the most obvious parameter which may be 

used to describe x-ray quality is the x-ray generator's accelerating 

potential. This potential determines the final energy of the electrons 

producing the x rays. The final electron energy is taken to correspond 

to the maximum energy of the photons in the x-ray spectrum and is thus 

termed the endpoint energy. The specification of the endpoint energy 

alone of a bremsstrahlung spectrum is not sufficient to characterize its 

spectral quality. X-ray beams having the same endpoint energy may have 

quite different energy characteristics depending upon the thickness of 

the bremsstrahlung target and upon the amount of additional filtration 

in the beam. 

-*-"*•-' '*' -' r •----• ^ •- -"•- •- *•-•»• ••••-••»" • •• ••• V-*AV•» 
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Parameters that describe the penetrating ability of an x-ray 

spectrum have been used for many years to further characterize spectral 

quality. The most prominent of these parameters is the Half Value Layer 

(HVL), th<j thickness of a material that will reduce the Intensity of an 

x-ray beam to one-half the original intensity. The HVL is sensitive to 

not only the endpoint energy of the spectrum, but also to the amount of 

filtration in the beam. For many low-energy (< 1 MeV) applications, an 

appropriate specification of quality is provided by the two parameters 

endpoint energy and HVL (13). The quality of x-ray beams used in radia- 

tion therapy are often additionally specified in terms of depth dose in 

an absorber. The specification adopted may take the form of a complete 

depth-dose curve from the surface of the absorber to the depth at which 

the dose is reduced to a certain value, say 10%; or it may be restricted 

to the depth-dose at one or two selected depths. 

Unfortunately, for x-ray energies in the megavoltage range, the 

parameters that describe x-ray penetration ability (HVL and depth-dose) 

are relatively Insensitive to changes in quality. This is a result of 

the slow change in the attenuation coefficients of all materials with 

increasing photon energy above about 3 MeV. Nath and Schulz (14) have 

calculated the percent change in HVL per MeV in different materials for 

thin-target spectra of endpoint energies from 5-40 MeV.' The authors 

found that in even the mout sensitive material (water), the average sen- 

sitivity (AHVL/AE) was found to change less than 2Z per MeV for endpoint 

energies between 10 and 40 MeV. The ratio of the percent depth dose in 

tissue at 10 cm depth to that at 2 cm depth changes by less than 2Z of 

the mean per MeV for betatron x rays, 100 cm SSD, 10 x 10 cm field, from 



15-35 MeV (15,16). The ratio of ionization measurements made at 5 cm 

depth and 15 cm depth in water changes by only approximately 0.5% ot  the 

mean when irradiated with 15 to 30 MeV x rays from linear accelerators 

It is thus apparent that a more sensitive index of megavolt. ge 

radiation quality is required. Comparison of radiation therapy treatment 

regimes requires a complete specification of the characteristics of the 

radiation beams used. A sensitive index of quality would aid in deciding 

whether dosimetry data (such as percent depth-dose) for one x-ray genera- 

tor would be applicable to another. Similarly, the suitability of energy- 

dependent factor» necessary for dcsc computations, such as instrument 

calibration factors and absorbed dose conversion factors, could be estab- 

lished by comparing the spectral quality index of the calibration machine 

with that of the user's machine. A sensitive index could also be used as 

a quality control device to assess the stability of radiation therapy 

machines and signal equipment faults before they become obvious by other 

means. Additionally, if the detector used to obtain such an index were 

small enough, it would be possible to measure the variations in spectral 

quality at selected locations In irradiated media. 

A sensitive index of x-ray quality in the megavoltage energy 

range is provided by the ratio of photonuclear yields in carefully selected 

materials. Photonuclear ratios are based on the fact that photonuclear 

reactions in most elements result In radioactive nuclei whose decay rate 

can be measured to determine photonuclear yields. If the elements are 

chosen such that the photonuclear cross sections peak at different loca- 

tions in the photon energy spectrum, the ratio of the photonuclear yields 

^ •' "»• »• •• n »•!• - • »in »mini...! ii. -m^w r '-'i ""•; JTZT-T' 



produced in each element will vary quite sensitively with energy. Photo- 

nuclear yield ratios for thin-target bremsstrahlung spectra from 15 to 40 

MeV have been measured and published by Nath and Schulz (9). Their method 

involved counting the activity induced in each of a pair of metallic foils 

Their experiment produced unique "Fhotoactivation Ratios'1 from about 25 

to 35 MeV. The ratio of the photonuclear yield of the 89Y(y,2n)87Y reac- 

tion to the photonuclear yield of the  Cu(v,n) Cu reaction yielded the 

most sensitive quality index as a function of photon energy in the 25-35 

MeV range. The maximum sensitivity was approximately 25% per MeV, a 

definite improvement over the indices of quality previously mentioned. 

The purpose of the first part of this work was to seek photo- 

nuclear yield ratios sensitive to x-ray spectra produced by thick targets 

in the 15 to 25 MeV energy range where such ratios are lacking. Many 

high-energy medical linear accelerators have nominal energies in this 

range. The materials were chosen such that the photonuclear reactions in 

the elements producing the yields used to compute the ratios resulted in 

radioactive nuclei that emitted the same energy gamma ray. This permits 

the determination of ratios without prior knowledge of the efficiency of 

the radioactivity counter. The samples consisted of chemical compounds 

which contained the pair of elements from which photonuclear yield ratios 

were computed. This further facilitates ratio determination in that 

self-absorption factors need not be determined. 

ihe 27Al(Y.2p)25Na Cross Section 

Several techniques have been employed to determine photonuclear 

reaction cross sections from experimental data. The fundamental methods 

of photonuclear measurements have been summarized by Strauch (18) and 

*. ',  ^ *, % '« 



have been described in some detail by Bogdankevich and Nikolaev (19). 

Frequently, a photonuclear reaction results in the formation of a radio- 

active nucleus as a result of the nuclear transformations induced by the 

high-energy photons. The activity induced in a sample of material exposed 

to a flux of high-energy photons is directly related to the cross section 

of the particular photonuclear reaction producing the radioactive species 

and to the number and energy of the photons traversing the sample. By 

measuring the activity of the sample after irradiation, it is possible to 

obtain the cross section of the reaction. 

Most commonly, the source of high-energy photons used In photo- 

nuclear research is the bremsstrahlung beam of either betatrons or linear 

accelerators. Bremsstrahlung beams possess a spectrum of photon energies 

ranging from essentially zero to the maximum kinetic energy, or andpoint 

energy, of the electrons producing the bremsstrahlung; thus, photonuclear 

reactions produced by bremsstrahlung x rays are induced by many photons 

in the energy spectrum. On the other hand, the number of bremsstrahlung- 

Induced reactions at a given endpoint energy is related to the photo- 

nuclear cross section as a function of energy. If the reactions produced 

result in radioactive nuclei, then ve may define a photonuclear yield at 

a given endpoint energy, proportional to the number of photonuclear reac- 

tions, which is determined from a measurement of the radioactivity Induced, 

If ehe bremsstrahlung endpoint energy is varied and yield measurements 

are made at each endpoint energy, then a yield curve, a graphic represen- 

tation of the photonuclear yield as a function of bremsstrahlung endpoint 

energy, may be constructed. If the bremsstrahlung spectrum is known, 

the photonuclear cross section as a function of energy may then be 

T 
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extracted mathematically from the yield curve. 

Implicit In the previous discussion Is the dependence of the 

cross section obtained upon the mathematical model chosen to describe the 

bremsstrahlung spectrum. Photonuclear experiments performed in the past 

have employed the Schiff integrated-over-angle spectrum (20) to describe 

the photon energy distribution of the bremsstrahlung beam (18,19). The 

Schiff calculations were performed under the assumption that the electron 

interacts only once in the target, i.e., the target is infinitely thin. 

Thus, In a strict sense, the use of Schiff spectra is justified only in 

experiments utilizing thin bremsstrahlung targets. In an experiment where 

photonuclear reactions are produced by thick-target bremsstrahlung (as is 

the case in this experiment), the bremsstrahlung spectra must be corrected 

for the spectral distortions introduced by electron collislonal losses as 

well as by photon attenuation processes. Only then can a realistic cross 

section be determine! from such an experiment. 

In the second portion of the research presented here, the 

27      25 
/' (y,2p) Na reaction yield was measured in 0.25 MeV increments from 

threshold to 33 MeV and the reaction cross section was calculated. This 

cross section has never been determined with such energy resolution before 

although the cross section has been reported previously (21). The 

increased energy resolution of this experiment enables a more detailed 

examination of resonance structure in the cross section possibly indi- 

cating the existence of higher energy nuclear states. 

The Bremsstrahlung Spectrum 

Photonuclear cross sections deduced from measurements of yield 

depend to a very large degree on the bremsstrahlung spectrum utilized in 

> (• **. *". -\ »*» •"•. •**. «*, «* •*. •, • 



the analysis. The review of photonuclear literature conducted In prepa- 

ration for this work conveyed the fact that thick-target bremsstrahlung 

spectra had never before been used In photonuclear reaction cross section 

determinations regardless of the target thickness used In the experiment. 

To examine the feasibility of using thick-target spectra for cross sec- 

tion determinations, in the third part of this research a numerical analy- 

sis computer calculation of thick-target bremsstrahlung spectra was per- 

27      25 formed and the spectra obtained were used to calculate the  Al(y,2p) Na 

reaction cross section. The cross section was also calculated using 

thin-target spectra to determine the effect of spectral shape on the cross 

section obtained. 

 •—r 
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CHAPTER II 

THEORY 

Photonuclear Reactions 

A photonuclear reaction, or nuclear photoeffect, Is an electro* 

magnetic Interaction In which a photon Is completely absorbed by a nuc- 

leus. The result Is the emission cf one or more nuclear constltt- -".£•« 

A reaction of this type may be represented by 

X + Y+t>+Y or X(y,b)Y (1) 

where X Is the target nucleus, y  represents the Incoming photon, b Is the 

emitted particle, and T Is the residual nucleus. Frequently the defini- 

te of a photonuclear reaction Is restricted to Include only those pro- 

cesses In which the emitted particles are either protons (y»p)» (Yt2P). 

etc., neutrons (Y»n)> (Y.2n), etc., or aggregates of protons and neutrons 

(Y.np), (Y,2np), (Y,<*), etc. Thus photomeson production (Y,*) and nuclear 

resonance scattering (Y»Y*) *re excluded. 

Photonuclear reactions are endoerglc, that is, energy Is required 

to Initiate the reaction. The minimum amount of energy which can initiate 

the reaction is called the threshold energy. A photonuclear reaction is 

allowed energetically only when the photon energy equals or exceeds the 

reaction threshold energy. A photonuclear reaction's threshold energy 

10 
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can be obtained from equations of energy and momentum conservation. For 

& reaction X(Y,D)Y, the threshold energy k   will be given by 

kmln-BV1+(BEb/Mxc2)] (2) 

Where M Is the mass of the target nucleus, c is the velocity of light, 

and BE. , the binding energy of the emitted particle, is given by 

BEb " SEb + Ey* £3) 

where SE. is the emitted particle's separation energy and E is the 

excitation energy of the residual nucleus. The separation energy SE 

may be calculated from the expression 

SEjj - AEb + AE- AEx (4) 

where AE., AE , and AE are celled the mess decrements of the emitted 

particle, residual nucleus, and target nucleus, respectively. Typically, 

threshold energies of photonuclear reactions exceed 8 MeV. 

The probability or relative frequency with which e photon of e 

determined energy will undergo a specific photonuclear absorption process 

in a certain absorber is Indicated by that reaction's "cross section," 

2 
a(cm /nucleus). The cross section of the photonuclear reaction X(y,b)Y 

may be defined as the ratio of the number per aec of photons Y of energy 

k absorbed by the nucleus to the photon flux at that energy. 

# X(y,b)Y reactions per sec resulting 
(VI  • £SS tnc *Dg°rption of a photon of energy k     ,-» 

°* *  * t photons of energy k per cm' per sec . 

"*"'•».  »H  —  • i ^ai^i i uni »i •»...- .. » —g \v - r^t ~ " ' 
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Thus a particular photonuclear reaction will have a specific probability 

or cross section at a specific incident photon energy. The cross section 

has dimensions of length squared with the ad hoc unit of barns (1 barn - 

-24  2 
10   cm ) being in common usage. 

Above the threshold energy the cross section Increases with 

Increasing Incident photon energy k for several MeV, reaches a maximum 

value, then decreases with further increases of photon energy. The shape 

of this rather broad peak is very characteristic of reactions of this 

type and is called the "giant resonance." Photon absorption in this 

region is almost exclusively by electric dipole interaction with only a 

small (6Z) contribution by electric quadrupole transitions (22). Thee' 

phenomena are further discussed subsequently in this section. The general 

characteristics of the giant resonance have been set forth by numerous 

authors, among them Strauch (18)» Levinger (23), Wilkinson (24,25) , and 

Hayward (26). In general the giant resonance may peak at about 0.1 barns 

within a region from 10 to 30 MeV with a full width at half maximum (r) 

of approximately 3-8 MeV (18,23,26). The energy B at which the cross 

section is a maximum is approximately 20 MeV for light elements (23,26). 

For heavy elements, E varies inversely with the element's mass number 

A, with dependences of A"0,2 (23) and A"0,3 (26) having been observed. 

The area under the o(k) curve, called the integrated cross section o. 

and given by 

•/• 
°int "   'o(k)dk (6> 

is proportional to A with proportionality const a;... about 0.02 MeV-barns 

(23). 
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g Goldhaber and Teller have explained the giant reaonance in tarma 

El of a collective model of the nucleus (27). According to their explana- 

3 
3 tion, the giant resonance excitation is one in which all protons collec- 

3 tively execute harmonic motion relative to all neutrons. The protons 

w and neutrons may be regarded as two incompressible, interpenetrating 

/.;   v.       fluids which oscillate back and forth relative to each other. The reso- 

nant frequency, and hence the quantum energy fcw, will depend on the nuc- 

• lear size. Their calculations yield a resonance, the energy of which 

';"• variea as A   , in rough accordance with experimental findings. 

Although the collective model exactly exhausts the dipole sum 

rule (see section on Theories of Photonuclear Reactions) and has been 

moderately successful in predicting rhe experimentally observed trend of 

B as a function of A, it has its shortcomings. It has nothing to say 
m 

about T, the width of the resonance, and provides no explanation for the 

anomaloua emission of protons from heavy nuclei. The probability of Uila 

4 
process is 3 factor of xO times more common than oue wuulu expect when 

the energy of excitation la shared among all of the nucleons and when 

all have equal statistical probability of emission. In view of these 

difficulties it has been tempting to seek an alternative explanation. 

Such an explanation la afforded by the aha11 model. 

Detailed inspection of the giant reaonance of photonuclear 

reactions in light elements reveals cross section maxima and minima, or 

"atructure,** which imply increased photonuclear absorption at photon 

energiea corresponding to excitation energies of particular nuclear 

states. Thla atructure in the giant reaonance la beat explained in terms 

of allowed transitions between nucleon energy states which are obtained 

- 



14 

through the independent particle or shell model of the nucleus. The 

shell model of nuclear structure is discussed in some detail In Appendix 

A. Allowed transitions between energy states are treated in Appendix B. 

In the next section photonuclear reaction theories will be discussed 

with particular emphasis on the Independent particle model of nuclear 

structure. Throughout, existing theories are compared to available 

experimental findings. 

Theories of Photonuclear Reactions 

As described in Appendix B, transitions between states are pro- 

portional to the square of the transition matrix element. In the inter- 

action of photons with bound electrons, as in the atomic photoeffect, 

the perturbation operator in the matrix element overlap integral is the 

electric dlpole operator. The matrix element for electric dlpole transi- 

tions M-. is given by (28) 

«Bl-^ge/'e \   W (7) 

where s is the component of the displacement along the electric vector 

of the electromagnetic field, w  - E - E is the energy difference 
ge   e   g 

between the excited and ground states divided by -ft, and£ x   Is the 

dlpole moment of the atom found by summing the component of displacement 

over all electrons of the atom. 

In the nuclear photowffert, where photon interactions with pro- 

tons and neutrons sre treated, two major changes must be Introduced: 

1. An effective charge must be used of eN/A for protons, and 

-eZ/A for neutrons, where A is the suiss number, Z is the atonic number, 

^a^v^*>^vcv/v.v:-.y.»:>.:>••!• Xvv:- •• !*LJLL~±^I? 
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and N - A - Z is the neutron number« The effective charge Is Introduced 

since the displacements of the nucleons should be measured from the 

nuclear center of mass. 

2« The partly exchange (Majorana) character of the neutron- 

proton potential must be considered« Sieger:'a theorem states that 

exchange forces between neutrons and protons Imply the existence of a 

current of charged particles (w mesons) between the nucleons. Thus« the 

complete calculation of the dlpole matrix element should Involve the sum 

of nucleon and 7-meson currents. 

Two methods have been used for theoretical calculations of the 

photon absorption cross section for nuclei« First« the dlpole matrix 

element can be calculated for absorption of photons if explicit assump- 

tions are made as to the ground state and excited state wave functions 

-(for various energies). Second, use can be made of "sum-rules" 1L which 

transitions from the ground state are summed over all possible final 

states. This method involves knowledge only of the transition operators 

.«nd of the wave function for the ground state« Since the ground state 

wave function Is a solution of Schrodinger's equation and thus determine* 

tha potential. Schrodinger's equation could then In principle be solved 

for this potential for tha wave functions of the various excited states. 

The first method is then used for calculations« 

If the classical Thomas-Reiche-Kuhn (TRK) sum-rule for electric 

dlpole absorption of photons by Z electrons in an atom is modified for 

the nuclear pbotoefiect by the two effects discussed above (the use of 

effective charges and the significance of Majorana exchange forces), an 

expression is obtained for the integrated cross section for electric 

Ä%^a^^^:^:-— 
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dipole absorption of phocons by a n* cleus of atomic number Z, mass number 

A, and neutron number N. This dipole absorption "sum-rule" is given by 

(22) 

•/• 
°iüt " / a0Odk - 0.058 ~ (1 + 0.8X)MeV-barns       (8) 

where X Is the fraction of the neutron-proton force that has an exchange 

character. The upper limit of integration must be set at about the meson 

threshold since Siegert's theorem, on which the sum-rule is based, will 

be invalid beyond that (24). Values of X from 0.5 to 0.7 have been found 

from neutron-proton scattering experiments. The number 0.8 was calcu- 

lated using a nuclear model of a degenerate Fermi gas; however, the value 

of o\  is relatively independent of the nuclear model except for the 

value of the coefficient 0.8 and possible small terms (23). 

The independent particle shell model (IPM) of the nucleus has 

been very successful in describing dipole transitions In light elements. 

Nuclear photoeffect calculations have been performed by various authors 

for harmonic oscillator, infinite square well and finite square well 

potentials ("3). Wilkinson (24,25) has shown that essentially all of 

the dipole sum-rule is exhausted In transitions between the last filled 

shell levels to virtual shell levels in the continuum. Transitions from 

unfilled shells do not contribute appreciably. The most important tran- 

sitions were found to be those between states whose principal quantum 

nuaber and increase in orbital angular momentum is unity. In addition, 

his calculations showed that the strongest transitions are those between 

states of larger orbital angular momentum. The well-known angular momen- 

tum, parity, and isotopic spin selection rules (see Appendix B) are 

•^ ; "• • ;' • •*••• ;• • •"_ /"  • mTm ' ***—'' ""* ".••——'•*—-^>— •*» -r —• ••'•".  - 
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assumed to hold. Since all shells below the uppermost filled shell are 

also filled» transitions between these states are forbidden by the Pauli 

exclusion principle and excitations between these shells can contribute 

no oscillator strength (transition probability) to the total sum; in the 

same way, downward transitions which contribute to the sum negatively 

are also forbidden. Thus, oscillator strength Is "transferred upward" 

through the shells and the oscillator strength from the uppermost filled 

shell results from a collective absorption by all the nucleons in the 

shell with the excitation of one nucleon to the next allowable unfilled 

level (29). Wilkinson showed that the El transitions between last filled 

and virtual levels which are allowed by the selection rules are energeti- 

cally clustered sufficiently close to blend into an apparent giant reso- 

nance. In addition, Wilkinson's IPM calculations have been able to 

account for a roughly correct oscillator strength and for reasonable 

resonance widths. 

In spite of the success of Wilkinson's IPM calculations in 

explaining the nuclear photoeffect phenomena described above, the giant 

resonance energy E resulting from the calculations was too low. The 

problem was in his choice of a static potential whose depth was deter- 

mined by nucleon binding energies of the nuclei treated (29). He sug- 

gested that use of a velocity-dependent shell model potential that does 

not commute with nucleon position and that considers a nucleon-reduced 

mass might result in increased estimates of E in better accord with 

experiments• 

Further IPM calculations were performed by Elliott and Flowers 

(30), who calculated the energies and radiative widths for transitions 

g^^^^^^^^^iai^itdi^ifrs^ltifceae^lfiiafcai • i ••>*!•• \ 11 «i. i III I  -• «. - «- »- 
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from the odd parity levels of "kW0, and by Brown and Bolsterli (31) and 

Brown, Castillejo and Evans (32) who considered the effect of particle- 

hole interactions on the El energy levels in the nuclear photoeffect» 

The calculations took into consideration spin-orbit coupling. When a 

nucleon is elevated by El photon absorption to a virtual shell level, a 

hole is left in the filled shell. Such holes can be treated in many ways 

like single particles in the shell. Since the process of hole formation 

is dipole, the excited particle and hole are strongly correlated in 

angle; that is, *:heir angular momentum must be coupled to form a 1- 

stäte, assuming the original to be in a 0+ state (see Appendices A and B). 

Because many particle-hole states can be formed and because these states 

are almost degenerate in energy, the particle-hole interaction can have 

a profound effect in redistributing dipole transition strength. The 

above authors' calculations using particle-hole interactions resulted in 

increased excitation energies, in better agreement with experimental 

results. Although a specific mixture of exchange forces (Majorana and 

Bartlett) was used, the general trend of levels obtained was found to be 

relatively insensitive to the exchange mixture chosen. The calculations 

indicated that the entire dipole oscillator strength will be exhausted 

at photon energies below 30 MeV, Figure 1 illustrates particle-hole 

transitions for the  0 nucleus (29) showing the simple harmonic oscil- 

lator shell levels (a) with not • 17 MeV, and the same levels with spin- 

orbit coupling (b). The transitions predicted by Wilkinson are shown 

with vertical lines along with the transition energies. 

Although the collective and the IPM models may seem very differ- 

ent, they make very similar predictions in many cases. Brink (33) has 

^^^fr^^^^^^^A—^!,,fl , ,. h. hi h. "I l !•• • • it! i In. in — — 
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Figure 1.       0 harmonic oscillator shell 
levels  (a) and spin-orbit coupling levels 
(b).    From Ref.  (29). 
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demonstrated that the similarities probably are not accidental and that 

the two models are basically the same. The particle-hole or nucleon- 

nucleon correlations necessary to correct the independent particle model 

giant resonance predictions play an important collectivizing role in the 

theory. The pure 1PM account has neglected the effects of interactions 

between the many superposed transitions. These interactions may very 

well be strong and the transitions may be pulled together by them to show 

a tighter grouping than expected by the raw 1PM. It appears that intro- 

duction of nucleon-nucleon correlations into either model is necessary if 

the model is to describe anything more than the most gross feature of the 

photonuclear reaction cross section. A decision regarding the validity 

of one model or another is unimportant. Use is made of the model that 

yields the most accurate predictions. 

Analysis and Solution of Photonuclear Yield Functions 

Analysis 

The calculation of cross sections from measured yield curves is 

the subject of this section. The analysis presented was formulated by 

Penfold and Leiss (34). In a photonuclear experiment a sample is exposed 

to a bremsstrahlung beam. The number of photonuclear reactions occurring 

within a sample depends upon the availability of target atoms, on the 

cross section for the particular reaction, and on the flux of photons 

incident upon the sample. The photon flux is measured by a calibrated 

ionizatlon chamber which is irradiated simultaneously with the sample. 

2 
A sample that contains n^ target nuclei per cm is exposed to a beam of 

maximum energy T where M(T,k) photons of energy between k and k + dk, 

_ •„ -. »..-. .•_ jaijj-.'_ •_ .,_,_.^.^..^..^-...««.-— .. 1»i 
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per unit range of k and per unit monitor response, enter the sample. If 

o(k) Is the cross section in cm per nucleus as a function of energy for 

the reaction under investigation, then the normalized yield of photonuc- 

lear reactions at a given bremsstrahlung endpolnt energy per unit monitor 

response, Y(T), i8 given by the integral 

••./. 
T 

VT> " nt /  M(T,k)a(k)dk (9) 

The integral equation of Eq. (9) is called the photonuclear yield func- 

tion. Repeated measurements of yield at different bremsstrahlung end- 

point energies and a knowledge of the bremsstrahlung spectrum allow 

deduction of the cross section. 

The photonuclear yield function, or simply photonuclear yield, 

may be thought of as an overlap integral as shown in Figure 2,    The 

amount of yield Y(T) will depend upon the degree to which the endpolnt 

energy T of the bremsstrahlung spectrum M(T,k) exceeds the threshold 

energy E  of the photonuclear cross section o(k). In addition, the 
tn 

amount of yield depends on the relative shapes of the functions M(T,k) 

and o(k). 

The spectrum M(T,k) is the bremsstrahlung photon flux that 

enters the sample per unit monitor response. This spectrum is the pro- 

duct of three factors: 

1) An intrinsic bremsstrahlung spectrum function *(T,k), which 

describes the x-ray spectrum emitted by a "thin" bremsstrahlung radiator. 

#(T,k) is proportional to the bremsstrahlung cross section. 

2) A spectrum modification function f (k), which describes the 
8 
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Figure 2. Photonudear yield as an overlap integral. 

iinvn .»'"JW*«* «•"*«* *•* *." \**V *•* V "-'"-"  •* •*. 
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deformation of the thin-target spectrum. The function of f (k) accounts 
8 

for the spectral distortion caused by electron collisional losses and by 

the attenuation of photons in the radiator and in structures which may 

be located in the beam between the radiator and the sample. 

3) A monitor response function F(T), which normalizes the spec- 

trum that enters the sample-to-unit monitor response. 

In view of the above, the spectrum M(T,k) of Eq. (9) may be 

expressed as 

*(T,k)f (k)  N(T,k) 
MCT.k) JT^f  -jfty- (10) 

where N(T,k) is the actual bremsstrahlung spectrum to which the sample Is 

exposed. The spectrum N(T,k) can be estimated by a numerical method. 

For the purpose of the present discussion it is assumed that N(T,k) is 

known. The characteristics of this spectrum and the details of the 

numerical method used for its estimation are presented in a thorough 

fashion in the next section of this chapter (The Bremsstrahlung Spectrum) 

In an analogous fashion one may define a spectrum function 

M (T,k) which describes the photon flux entering the monitor chamber per 
• 

unit monitor response. If the geometry of the experimental setup is 

such that the photon spectrum entering the monitor has .first traversed 

the sample, then a spectrum distortion function f (k) may be defined m 

which describes the degradation of the bremsstrahlung spectrum N(T,k) by 

photon absorption in the sample. Similarly to Eq. (10), Mn(T,k) is 

N(T,k)f (k) 

VT'k> -    ,(T)   ' (U) 
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The monitor response function F(T) normalizes the spectrum Inci- 

dent on the monitor, [N(T,k)f (k)], to unit response of the monitor.  In 

other words, F(T) gives the total number of photons in the bremsstrahlung 

spectrum that yields a unit count in the calibrated ionization chamber. 

F(T) is defined as 

J ft 
F(T) - R(T)  ]   f_(k)kN(T,k)dk (12) 

0 

where R(T) is the calibration factor of the monitor in units of response 

per unit incident energy.  If the monitor and sample dc not subtend iden- 

tical solid angles and if the irradiation geometry is not perfectly 

reproducible between measurements of yield for different bremsstrahlung 

endpoint energies, an additional factor u (T)/u> (T) must be introduced 
m    s 

into Eq. (12). This factor is a ratio of the angular distribution of the 

radiation integrated over the monitor solid angle to that integrated over 

the sample solid angle. 

The spectrum distortion function f (k) describes the photon 
m 

attenuation due to interaction processes in the sample. At the high 

photon energies employed in photonuclear measurements, the predominant 

interaction processes are pair production and Compton scattering. The 

cross sections for these reactions at high photon energies vary very 

little as a function of energy. Therefore, the function f (k) will not 
m 

distort the spectrum's shape but will only reduce its intensity by a 

constant amount. One can then remove the function i  (k) from the inte- 
rn 

gral and replace it by f (T), a transmission factor as a function of 

bremsstrahlung endpoint energy which represents the fraction of the pho- 

Jj^LJJ£_i±itLLLJi ^ ^' -   --- -••--^^^ - ^' ^V-'» :.V-^. •.-:•»••-.•- t.-^*.. 
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tons Incident on the sample that are transmitted through the sample.  In 

view of the above, the monitor response function F(T) is now 

F(T) - R(T)ft(T)E(T) (13) 

where 

/. 
E(T) « /  kN(T,k)dk 

0 

(13a) 

is the total energy in the bremsstrahlung spectrum of endpolnt energy T. 

A solution to the photonuclear yield function, Eq. (9), may now 

be considered since the spectrum M(T,k) has been defined through Eqs. 

(10) and (13).  The photonuclear yield function now has the form 

Yn(T) 
"t   f T 

k)o(k)dk (14) 

Here, the spectrum N(T,k) is the actual bremsstrahlung spectrum seen by 

the sample. The monitor response function F(T), which is defined by Eq. 

(13), has been removed from the integral because it does not vary as a 

function of the photon energy k. The remaining variables of Eq. (14) 

maintain their previous definitions. 

Ths photonuclear yield function as given by Eq. (14) is depen- 

dent upon experimental conditions, in particular upon the radiation 

monitor used. Equation (14) may be rearranged into a form which is inde 

pendent of the exact nature of the experimental arrangement. This 

rearranged form has been called the reduced yield function by Penfold 

and Leiss (34). The reduced yield Y (T) may be defined as the photonuc- 

2 
lear yield (number of photonuclear reactions) per target atom per cm . 

Urn* mm* •i i i i    i • *•- • 
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It is obtained by multiplying the normalized yield (number of photonuclear 

reactions per unit monitor response) Y (T) times the monitor response 

function, F(T), and then dividing the product by n , the number of target 

2 
atoms per cm 

Y (T)F(T) 
Yr(T) - ^L-  . (15) 

Using the above definition, the reduced photonuclear yield func- 

tion is 

T 

rr<B - / N(T,k)o(k)dk . (16) 

0 

It is to the reduced yield function Y (T) that solutions are obtained. 

Note that the reduced yield Y (T) is related to the experimentally deter- 

mined normalized yield Y (T) through Eq. (15) and that the monitor 

response function F(T) can be obtained with Eq. (13). 

Solutions 

The solutions of the reduced yield function may be of two types: 

1) solution of the integral equation directly or 2) solution of a set 

of linear equations which approximate the integral equation. Y (T) is 

not known as a continuous function of endpoint energy T; it is known 

only at a finite set of energies, T..  In practice, the yields Y(T ) are 

measured at n endpoint energies T. spaced in equal intervals AT. There- 

fore, a condition implicit in the solution of the integral equation, 

namely that the yield Y (T) be known as a continuous function of energy, 

is not satisfied. Thus, the solutions sought here will be of the second 

type, solutions of linear equations which approximate the integral. 

V."-">\*V./V"v-\ ':'•..•• I •:• Y-Y ' •. -  .  .   • 
^^m^ ii i i ,1 i i i i , i • . i • , • • i • i . • 
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The reduced yield function can be replaced by a set of linear 

equations if a "step-vise" approximation to the bremsstrahlung spectrum 

is made, as shown in Figure 3. Let N'  be the number of photons in a 

bremsstrahlung spectrum N(T.,k) of endpoint energy T. that possess ener- 

gies between k. - AT and k. where AT (also called an energy bin) is a 

photon energy interval equal to the spacing of yield points on the yield 

curve . 

k, 

N,ij' IT  / 
J 

N(T,k)dk . (17) 

k -AT 

Each N' . depends on the relative position of the photon energy interval 

within the bremsstrahlung spectrum k.: j - 1, 2, ...,i, and on the 

endpoint energy of the spectrum T^: i - 1. 2* ..., a. The N*,. can be 

calculated from functional approximations to the spectrum N(T,k) (see 

next section). 

In viaw of the above "step-wise" approximation, the reduced 

yield function becomes 

i 

Y(T.) - X N..o\; i - 1, .... n (18) 
*      4.1  *J ^ 

where 

N  - N' AT (18a) 

and 

•rhf' o(k)dk (18b) 

k -AT 

^^ 
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Figur« 3. A "scepvise" approximation to the breasstrahlung 

spectrum of endpoint T.. 
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is an average value of o(k) in the photon energy bin between k - AT and 

k . Note in Eq. (18) that the yield Y(T) is the reduced yield Y (T) of 

Eq. (16). 

In matrix notation, Eq. (18) becomes 

No (19) 

where Y is a column matrix with n rows of elements Y., a is a column 

matrix with n rows of elements a., and N is an n  order triangular 

matrix with elements N.., N.. - 0 when j > i. The matrix equation, Eq, 

(19), can be rewritten as 

N„ 0 

N21 N22 

0 ... 0 

0 ... 0 

N_, • * r. ... N , n.   . nl n2 n3 nn. n. 

(20) 

Three methods of solution to the above set of equations have 

been proposed. The first method is the "Photon Difference Method" of 

Kats and Cameron (35). This method consists of solving the first equa- 

tion for o , which when substituted in the second equation gives o_, and 

so on. the worst defect of the photon difference method is the depen- 

dence of the calculated value of the cross section at a given energy on 

the results of calculations at all preceding energies. The errors 

arising from fluctuations in the yield curves at low ene*r&y are thus 

cumulated and transmitted to all cross sections at higher energies. 

- .  •  .ii 
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The second nethod is the "Matrix Inversion Method" of Penfold 

and Leiss (34). This method involves an inversion of the N matrix to 

obtain an inverse operator N~ $  which when applied to Eq. (19) yields 

the solutions o 

»"*? - fhS . (21) 

The matrix N  consists of an appropriate set of what Penfold and Leiss 

called "B-numbers" that were calculated from Schiff spectra approxima- 

tions. The matrix product N*H represents a series of "weighting func- 

tions" that relate the solution N x to the actual cross section. Penfold 

and Leiss have calculated sets of B-numbers and their associated weighting 

functions for thin-target bremsstrahltmg of endpolnt energies in the range 

from 2 MeV to 1 BeV (19.34). 

— —•-•   The Penfold and Leiss method lias been found to be extremely sen- 

sitive to the precision with which yields are measured. Moderate uncer- 

tainties in yield measurement may appear as photonuclear resonances often 

resulting in cross sections which oscillate excessively as a function of 

energy and are therefore physically unacceptable (36,37). A third method 

of photonuclear yield function analysis was developed by Cook (36) which 

minimizes the undulation, or structure, of the cross section function. 

The method has been called the "Least Structure Solution' of photonuclear 

yield functions. 

The least structure method is basically a systematic smoothing 

technique which produces the most uniform set of cross sections consis- 

tent with the experimental data. The method applies all smoothing to the 

cross sections a and not the yields Y , and it assumes no functional 
j 
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form of the a.. Completely numerical methods are used. The amount of 

smoothing employed is determined by the variability of the input data 

and the distortions Introduced by the smoothing can be estimated. 

Cook's least structure solution of Eq. (19) selects those cal- 

culated values of a. such that 

Ha * Y± (22) 

In other words, a solution o. is acceptable if the calculated yield, 

Y, •» N..0., is within an "acceptable range" of the measured yield Y. at 

each endpoint energy T., A set of a 's are considered to be an accep- 

table solution if 

**<»«> 

n 

1-1 

("ij'j - V 
2n 

(VY±)* 
< n (23) 

where x (°A)  Is a function closely related to the Chl-square distribution 

of statistics, the VY are standard deviations of the measured yield at 

tach endpoint energy, and n is the number of data points on the yield 

curve. 

The actual acceptable solutions, a , are arrived at by an itera- 

tive procedure. The procedure consists of determining the matrix M 

such that [see Eq. (21)] 

-1 

M"1? - M-1Ncf - Ra (24) 

yields the acceptable set of solutions as determined by Eq. (23). The 

matrix M  is determined by calculus of variations techniques (38) and 

CvWW o*. '•"* 
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is a function of: the bremsstrahlung matrix N; the inverse of the brems- 

strahlung matrix N~ ; a smoothing matrix S which minimizes the difference 

between successive values of a  ; and a weighting matrix W of weighting 

factors inversely proportional to the variance of the yield points. The 

matrix product M"T* has been called the resolution function R. It can be 

thought of as an averaging of a over a few energy bins with an approxi- 

mate Gaussian function weighting (36). 

A rigorous explanation of the Least Structure (LS) method for 

the solution of photonuclear yield functions is beyond the scope of this 

work. Such an explanation is available In references (29,36,37). How- 

27      25 
ever, beca* je LS was used to determine the  Al(y,2p) Na cross section, 

which was investigated in this work, a general explanation of the LS 

computational procedure is provided. The explanation is basically c 

description of a Fortran computer program which incorporates LS and which 

was devised by Cook (36). 

Least Structure attempts to arrive at solutions o. to the photo- 

nuclear yield function [Eqs. (18) and (19)] 

*i" } VJ   • (25) 

This is accomplished by calculating a matrix M (to be defined shortly) 

such that 

*i - 5 VJ (26) 

yields solutions o that do not oscillate as do those obtained by simply 

inverting the N matrix of Eq. (25). The matrix M is of the form 

•—»»i«y *.•(• 
«v • - v • -^ •• • " * » * * V V - •' - -" 

.»•«••- *- — 



33 

Mij " Nij + XNji"\"ls (27) 

where X is a Lagrangian multiplier, N ~ is the inverse of the transpose 

of the Nj. (bremsstrahlung) matrix, W." is the inverse of the weighting 
2 

matrix W. - l/(7Yi) where the VY. are the standard deviations of the 

measured yields, and S is a smoothing matrix of the form 

n-1 

S" >2 (Vl " 2aj + Vl)2 • (28) 

The matrix S (also called the structure function) is essentially a 

measure of the rate of change of the slope of the cross section as a 

function of endpoint energy. The LS solution to Eq. (25) is that set of 

a which minimizes the structure function with the restriction that [see 

also Eq. (23)] 

n 

X2 -   I   VZN44a< - V2 < n . <29> 

In the LS computer program, the Lagrangian multiplier X is arbi- 

trarily chosen as an input parameter. The equation 

*i " lNij + XKJi"lwi"ls,0J (30) 

is then solved for the fixed X. The solutions o are substituted into 
«I 

2 2 Eq. (29) and x is computed. The calculated x is compared to an input 

2 2 
X in and an acceptable error ox . . If the solution is not acceptable, 

a new X is selected and naw solutions are obtained until both Eqs. (29) 

and (30) are satisfied. 
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The effectiveness of the least structure solution of photonuclear 

yield functions for cross section determination has been well proven and 

documented in the literature (37,39,40). Cook (37) and Anderson (39) 

measured the cross section for the  0 photoneutron reaction, a reaction 

which has been extensively studied both experimentally and theoretically, 

using the least structure method and obtained results which were in very 

good agreement with existing theories and with results obtained by other 

investigators. The soundness of the technique was further verified by 

12 Cook (40) when he measured the cross section for the  C photoneutron 

reaction obtaining results consistent with those previously reported. 

The least structure method has been utilized since on several occasions 

for photonuclear reaction cross section determination (41-43). 

The Bremsstrahlung Spectrum 

This section describes the bremsstrahlung process and brems- 

8trahlung spectra. The theoretical calculations of the bremsstrahlung 

cross section are discussed in general with particular emphasis placed 

upon calculations performed In the Born approximation. Finally, the 

processes that lead to differences in bremsstrahlung spectra from thin 

and thick targets are described. 

Bremsstrahlung is electromagnetic radiation which Is produced 

when a charged particle is accelerated in the field of a charged particle. 

Bremsstrahlung as used here describes the electromagnetic radiation 

emitted by electrons decelerated upon their penetration into a brems- 

strahlung radiator or target. The bremsstrahlung process is depicted 

schematically in Figure 4. An electron of charge e and kinetic energy 

T comes within the Coulomb field of a nucleus of charge +Ze where it is 

•'. A"-', -* -• -' 



Figure 4. The bremsatrahlung process. 
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deflected producing a photon of energy k. The energy k of the photon is 

the difference between the electron's initial kinetic energy T and its 

final kinetic energy T*. 

k - T - Tf (31) 

Because the deflected electron can have any one of an essentially infi- 

nite number of kinetic energies between 0 and T, the photon may pos ess 

any energy up to T. 

A classical electrodynamics formulation may be used to obtain 

an approximate functional form for the energy spectrum of the photon 

N(k) - Na £ää. (32) 

where N(k) is the number of photons of energy between k and k + dk, N i-» 

2 
the number of target nuclei per cm , and do(k)/dk is the differential 

2 
cross section for brems Strahlung production in cm • The brems Strahlung 

cross section describes the relative probability with which the brems- 

Strahlung process will occur. A simplified expression for the bremsstrah- 

lung cross section has the form (4A) 

42££ - Z2ro
2a*(T,Z,k)/k (33) 

where Z is Che atomic number of the target element, r is the classical 

electron radius, a is the fine structure constant and t(T,Z,k) is the 

so-called intensity function. From Eqs. (32) and (33) it is evident that 

for a given target the bremsstrahlung spectrum is inversely proportional 

to the energy of the emitted photon. Also seen is the direct relation~ 
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ship between the photon's energy spectrum and the intensity function 

*(T,Z,*), 

An accurate expression for *(T,Z,k) at large T and k has not 

been obtained classically. To describe *(T,Z,k) fully, quantum electro- 

dynamics is required. A most general quant no-mechanical analysis pro- 

vides the following approximate expression for the bremsstrahlung cross 

section (19) 

*&*, 
dk 

w 
"v71! 

(34) 

where Qf is the density of final states, p is the initial electron 

momentum, c is the speed of light in vacuo, E is the total initial 

energy of the electron, and H.f is the matrix element for the transition 

from the initial state i to the final state f. From Eq. (34) it is seen 

that the bremsstrahlung cross section depends upon the square of the 

absolute value of the transition matrix element. This dependence is 

implicit in the intensity function of Eq. (33). The transition matrix 

element in turn depends upon the wave functions of the electron initial 

and final states. 

To obtain an exact expression for the bremsstrahlung cross 

section it is essential to know the exa-^t wave functions that describe 

the electron in the Coulomb field of the nucleus. However, the Dlrac 

wave equation for an electron in a Coulomb field does not have finite 

solutions because the wave function in '-his case yields an Infinite 

series (19,45,46). Thus, approximate wave functions must be used to 

calculate the transition matrix elements. In addition, some simplifying 

assumptions must be made in the calculations themselves. Therefore, 

A-\-\" -V'%V.V.«\ V.V.VV. .-.V -\V \ " • V V v . 
^ m^m. 
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only approximations to the bremsStrahlung cross sections are obtainable. 

Basically, the approximations made in the calculation of the 

bremsstrahlung cross section fall into one of two categories: 1) cal- 

culations performed in the Born approximation, and 2) extreme relativis- 

tic calculations. In the Born approximation calculations, the Coulomb 

field is considered a first-order perturbation of the electron initial 

state.. The electron initial and final wave functions are described as 

plane waves (51,52). Extreme relativistic calculations (45,49) essen- 

tially encompass the calculations that do not use the Born approximation. 

In extreme relativistic calculations, Sommerfeld-Maue wave functions in 

a screened (atomic electrons "screen" the nuclear charge) Coulomb poten- 

tial are used. These wave functions are described as plane and spherical 

waves (45). It turns out that extreme relativistic calculations are 

valid only for initial electron kinetic energies exceeding about 50 HeV 

(19). For this reason, and due to the fact that energies of Interest 

here are well below that value, extreme relativistic calculations are 

not considered further in this treatment; Born approximation calculations 

are, hence, emphasized. 

The Born condition restricts the atomic number of the target 

element and the electron initial and fiual velocities such that 

2trZ/137P « 1 (35) 

where 8 - v/c where v is the electron's velocity and c is the speed of 

light. It is evident that the conditions of the Born approximation are 

not strictly mot for high Z targets such as those made of tungsten (Z - 

74). In addition, the theory fails at the high-energy end of the spectrum 

i »i •'»•n»'i>j'"mi ••»•- -• i i •»•» • »• —— »»«• —*« 
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(the so-called tip) when the energy of the emitted photon approaches the 

kinetic energy of the Incident electron and the velocity of the recoil 

electron Is small compared to the speed of light. However, the use of 

the Born approximation formulas predict bremsStrahlung spectra which 

agree reasonably well with experiment (19,46). 

The most Important contributions to bremsstrahlung cross section 

formulations obtained within the framework of the Born approximation are 

due to Bethe and Heitler (47), Heltler (48) and Schiff (20). Bethe and 

Heltler obtained an expression for the bremsstrahlung cross section which 

is differential in electron angle and In photon angle and energy. Their 

expression was derived on the assumption that the field of the nucleus 

is a pure Coulomb field, i.e., no nuclear screening by atomic electrons 

was considered. Nuclear screening is an important parameter which must 

be taken into consideration, particularly in the case of bremsstrahlung 

spectra from high Z targets. Schiff integrated the Bethe-Heltler differ- 

ential cross section assuming complete screening (20). The expressions 

he obtained apparently show the best agreement with available experimental 

data (19,46,50). The Schiff expressions have been widely used in the 

analysis of experimental results obtained with bremsstrahlung spectra 

from high-energy accelerators. 

In his calculations, Schiff started with the Bethe-Heitler cross 

section and Integrated it assuming that: 1)  the initial and final ener- 

gies of the electron are large compared to its rest energy; 2)  the Cou- 

lomb field of the atom may be represented by the potential (Ze/r)e~ * 

where a^jZ '  (Thomas-Fermi model); 3)  terms of the order of (Z ' /c) 

may be neglected. Under these assumptions he obtained the following 

, - . _•--.. - • .. • - •- - --••^ -^ ._>^_. :»_.,.•. »•.,.. s. .-- 
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expression for the bremsstrahlung cross section differential in photon 

emission angle and energy 

daflc.x) ,4Z^r2dk 
dkdx 137 ro k   x• 

16x2E (Eo + E) 

(xz + DH " (xz + iyw + 

where 

and 

EÄ + E o 4x2E 
(x* + 1)<E< '  (x* + 1)*E o o 

InM(x) 

z1'3 _ 
lll(xz + 1) 

x - E «/u . o 

(36) 

(36a) 

(36b) 

In Eqs.   (36), E   is the initial total electron energy, E is the final 

total electron energy, k (- E   - E) is the energy of the radiated photon, 

Z Is the atomic number of the target element,  r    is the classical elec- 

tron radius, u is the rest energy of the electron, and x is the reduced 

angle of emission of the radiated photon which is a function of the angle 

O,  in radians, at which the photon is radiated with respect to the initial 

electron direction.    The use of the atomic Thomas-Fermi model in consid- 

ering the effects of screening lead to exaggerated values of do(k,x), but 

the error introduced does not exceed AZ in the worst case when Z is large 

and screening is intermediate  (19,20,46). 

Thick-Target Bremsstrahlung Spectra 

The arguments previously presented considered only bremsstrahlung 
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spectra from "thin" targets. A thin target is a bremsstrahlung radiator 

of thickness such that only one electron interaction occurs. The shape 

of the thin-target spectrum reflects the transition probabilities between 

the electron Initial and final states. Most all linear accelerators 

possess "thick" targets oecause of the substantially larger photon flu- 

ences attainable. A thick target is a radiator of thickness such that 

many electron interactions occur. Such interactions include collisional 

as well as radiatlonal Interactions. The radiated photons can also Inter- 

act within the target. Thus, In the thick-target situation, the shape of 

the bremsstrahlung spectrum additionally reflects the deformation of the 

thin-target spectrum due to the interactions in the target of the elec- 

trons and photons. The difference in spectral shape between bremsstrah- 

lung produced in thin targets in contrast to that produced in thick tar- 

gets in schematically represented in Figure 5. 

Thick-target bremsstrahlung spectra calculations in the energy 

range from about 1 MeV to about 50 MeV have been performed by essentially 

two methods: 1) by Monte Carlo calculations such as those of Berger and 

Seltzer (51), and 2) by numerical analysis methods such as those employed 

by Lent and Dickinson (52) and by Ferdinande and co-workers (53) • In the 

present work, a numerical analysis method similar in many respects to 

that of Ferdinands was used to estimate the bremsstrahlung spectra of the 

linear accelerator which was used. The approach is based on Hisdal's 

(54) method of correcting intermediate target spectra for the effects due 

to electron multiple scattering. The Molie*re (55) multiple scattering 

distribution is assumed. The method is described in detail in the Brems- 

strahlung Spectrum section of Chapter III - Materials and Methods. 

— i J-V i—* 
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Figure 5. Bremsstrahlung spectra from thin and 

thick targets. Curves have been normalized to 

equal areas. 
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Measurement of Photonuclear Yield 

The solution of the photonuclear yield function requires that 

the reduced yield Y (T), photonuclear reactions at a certain bremsstrah- 

2 
lung endpoint energy T per target atom per cm , be determined. This is 

accomplished by measuring the normalized yield Y-CO, the number of pho- 

tonuclear reactions per unit monitor response, multiplying the normalized 

yield by the monitor response function of Eq. (13), F(T), and dividing 

2 
this product by n , the number of target atoms per cm in the sample. 

The normalized yield Y (T) is obtained experimentally.  If photonuclear 

reactions produced in a sample result in radioactive nuclei, then the 

number of such reactions is simply a function of the radioactivity induced 

in the sample. If a radiation monitor, such as an ionization chamber, is 

irradiated simultaneously with the sample such that its response is 

directly proportional to the bremsstrahlung beam energy flux, then the 

normalized yield Y (T) can be obtained from a measurement of the sample 

activity and from the monitor response. This section describes the 

methodology by which the normalized yield Is determined. 

The normalized yield Y (T) is the quotient of two quantities 
n 

which are each determined experimentally. 

YQ(T) - No(T)/Vo(T) (37) 

In Eq. (37), N (T) is the total number of photonuclear reactions induced 

in the sample at a given bremsstrahlung endpoint energy, and V (T) is a 

radiation monitor response which is proportional to the bremsstrahlung 

beam energy flux at a given endpoint energy. N (T) is determined from 

a measurement of the sample activity. V (T) is determined from the 

^^^^g^a^^^^fci^^« j- itn'r • iliiil •••- '  
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response of a monitor system which will be described shortly. 

The total number N of photonuclear reactions induced may be 

expressed as the product of the photonuclear reaction production rate P^ 

and the irradiation time t 

No • V. • (38> 

If the reactions result in radioactive nuclei of decay constant X, then 

the number N(t) of radioactive nuclei present in the sample at any given 

time t is related to the constant production rate P through the expres- 
N 

sion 

N(t) - ipN[l - exp(-Xt)] . (39) 

The relationship of Eq. (39) is shown in Figure 6. The number of radio- 

active nuclei "grows" with a l-exp(-Xt) dependence with PM/X as an upper 

limit. Solving Eq. (39) for P„ and substituting the resulting expression 

in Eq. (38) results in the following equation for N (T) in terms of N(t) 

No(T) - N(t)Xtr/[l - exp(-Xt)] . (40) 

The number of radioactive nuclei at any given time, N(t), is 

rather sensitive to fluctuations in the production rate, which may be 

caused by variations in bremsstrahlung beam intensity. For this reason, 

it is uesirable that the radiation monitor respond in time to the beam 

intensity in the same fashion as does N(t). To this purpose, the output 

of the bremsstrahlung monitor, an NBS type P2 ionization chamber (56), 

is delivered to an RC electric circuit as shown in Figure 7 (57). The 

response V(t) of a circuit of this type as a function of time is shown 

-.•--.-...-. . - j  ^ _•..-. _...• .... ...,_,._•.. ^ „ ^ ._ _ 
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Figure 6. Growth of radioisotope of decay constant X 
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Figure 7. RC circuit of radiation monitor system. 

HV - High Voltage. IC - Ionisation Chamber. 

R - Resistor. C - Capacitor. E - Electrometer. 
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in Figure 8. Since both the sample and the monitor are exposed simultan- 

eously to the same bremsstrahlung beam intensity, V(t) varies with time 

as does N(t). 

The total monitor response V (T) is the product of the change in 

potential P as seen by the electrometer and of the time the potential 

undergoes change, the Irradiation time t 

Vo(T) - Pvtr . (41) 

The rate of change of the potential across the RC circuit of Figure 7 can 

be described by the differential equation 

«Hit!   _v(t2. (42) 
dt     v   RC v ' 

where V(t), R, and C are the circuit's voltage as a function of time and 

the resistance and capacitance, respectively„ Integration of Eq. (42) 

over time yields the following expression for the voltage V(t) 

V(t) - RCPy[l - exp(-t/RC)] . (43) 

Solving Eq.  (43) for P   and substituting in Eq. (41) results in the 

following expression for V 

V0 - V(t)tr/RC[l - exp(-t/RC)]. (44) 

The normalized yield of Eq.  (37)  is now specified through Eqs. 

(40)  and (44).    If the RC constant of the circuit Is adjustable by means 

of a variable resistance such that 

RC - 1/A (45) 

HMMwmwE »•  • '• • nnm»i   .»«• »ww >••• • -—^-—^« 
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Figure 8. Growth of potential across the capacitor C 

of the RC circuit of Fig. 7. 
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then Eq. (37) reduces to 

Yn(T) - N(tr)/V(tr) (46) 

where N(t ) is the number of radioactive nuclei in the sample immediately 

following an irradiation of duration t , and V(t ) is the integrated mon- 

itor system voltage measured by the electrometer after the ionization 

chamber has been irradiated for a time period t . 

A sample containing N(t ) radioactive nuclei of decay constant 

X decays with an activity 

A(tr) - N(tr)X (47) 

disintegrations per unit time. The sample activity is decreased during 

the time the sample is transported from its irradiation location to its 

appropriate position in the radioactivity counter. If this transit time 

is denoted t , the activity of the sample at the start of the counting 

period may be given by 

A(tt) - A(tr)exp(-Att). (48) 

The sample activity at time t from Eq. (47) is substituted in Eq. (48) 

to yield an expression for the sample activity at time t as a function 

of the number of radioactive atoms in the sample at time t 

A(tt) - N(tr)Xexp(-Xtt). (49) 

The sample activity is now measured using a gamma-ray pulse- 

height spectrometer system.    Let C be the number of counts registered in 

a pulse-height interval (or window) AH    centered at the photopeak of an 

AAAIJ«*»*/»» I *••*-'• I *--'- • 1 • * l' * ^ - """•' -'-*•--•-•- -- » ; *-*--.•• - »..-.•-»•-- .1. 
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appropriate gamma-ray energy E of the radioisotope assayed. C is related 

to the activity of the sample at the start of the count A(t ) and to the 

counting time t through the integral equation 

/   A(tt)[exp(~A'„. C-K  (   A(tt)[exp(«A:..J]dt (50) 

0 

The term in brackets accounts for radioactive decay during the counting 

period. The constant of proportionality K (counts per disintegration) 

relates the total number of sample disintegrations integrated over time 

t to the net number of counts registered in the pulse-height window of 

the counting system. 

Integration of Eq. (50) produces 

C -|A(tc)[l - exp(-Xtc)] . (51) 

If the expression for A(t ) of Eq. (49) is now subscituted in Eq. (51) 

and the resulting equation is solved for N(t ), the number of radioactive 

nuclei in the sample at time t , one obtains 

N(tJ - C/KT (52) 

where 

T - exp(-Xtt)U - exp(-Xtc)] . (52a) 

The normalized yield Y (T) of Eq. (46) is now completely specified. If 

we now rename the quantity V(t ) of Eq. (46) as simply V and substitute 

Eq. (52) into Eq. (46), the normalized yield becomes 

-n'i^ii^i^^iiAf^-^—* • —' -»-•---• «-- - '--••- -^ — 
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Y (T) - C/KTV. (53) 

This is thia required normalized yield expression [Eq. (37)] as 

a function of experimentally determined quantities. Y (T) is the nor- 

malized yield, in number of photonuclear reactions per unit monitor 

response, required for the solution of the photonuclear yield function. 

C is the net number of counts in the gamma-ray spectrometer pulse-height 

window. The proportionality constant K relates the total number of radio- 

active decay events of the sample to the racioactivity count C. The con- 

stant K is a function of the counter efficiency for an emitter of the 

specific gamma-ray energy counted, of the relative intensity of the 

gamma ray, and of sample self-absorption. V is the output voltage signal 

of the RC circuit of the radiation monitor system integrated over the 

Irradiation time t . And t, defined by Eq. (52a), is simply a function 

of the radioisotope decay constant X and of the sample transit and 

counting times t and t , respectively. 

Photonuclear Ratios 

In this section are derived the formulae used to calculate pho- 

tonuclear ratios. Three assumptions have been made in the derivation. 

First, photonuclear reactions result in gamma-emitting radioactive nuclei 

such that the photonuclear yield may be determined by a gamma-ray detec- 

tion system. Second, the elements in which photonuclear reactions are 

produced are contained in a single chemical compound. Third, the radio- 

activity produced in each element can be determined separately. The 

formulae are derived in a manner analogous to the derivation of the equa- 

tion for the calculation of normalized yield. 
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The number of photonuclear reactions induced in a sample irradi- 

ated at ^o istant intensity for a time t may be given as 

N? - PNtr (54) 

where Nf is the total number of photonuclear reactions produced in the 

sample, P is the constant photonuclear reaction production rate (reac- 

tions per unit time), and t is the irradiation time. If, as commonly 

occurs, the photonuclear reactions result in radioactive nuclei, these 

decay as they are produced. If the radioactive species decay with decay 

constant X, .then the sample's activity immediately following irradiation 

Atr i8 

Atr - PN(1 - e"
Xt*) (55) 

Solving Eq. (55) for PN and then substituting the resulting expression 

in Eq. (54) yields 

N' - Atrtr/(1 - e~
Xtr) (56) 

If the sample radioactivity is counted at a location different from its 

irradiation position, the sample decays during the time it is transported 

from its location in the irradiation room to the radioactivity counter. 

If this transit time is denoted t , then the activity of the sample 

after transit and at the onset of counting is 

where A  is the activity of the sample which remains after it has been 

removed from its location in the irradiation room and has been placed in 

•* y^iiMi^iyM^^iiri I'I i ' >"»i'fc"'fa* *-^" • * •' » «"•' • *      '  «•»"•'•*•  - 
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the counter. Solving Eq. (57) for A  and substituting the resultant 

expression in Eq. (56) yields the following expression for N': 

N« - Atttr/(1 - e'
Ur)(e"Xtt). (58) 

At this point,  the sample is counted in a gamma-ray spectrometer. 

The total number of counts registered in a pulse-height interval,  or win- 

dow AE   ,  centered about the photopeak of an appropriate gamma-ray energy 

E  , is integrated.    The sample is counted for a time t    and the net number 

of counts  (after background subtraction)  registered in the photopeak is 

C.    The number of net counts C is related to the sample's activity A 

at the stare of the count through the integral equation 

C - K     /        A_e    wdt (59) 

where the exponential within the Integral accounts for sample decay during 

the counting period. The constant of proportionality K relates the dis- 

integrations of the sample to the counts registered in the spectrometer 

pulse-height window. It is a function of the number of gamma rays per 

decay n, the counting system photopeak efficiency 6 for gamma rays of 

energy E from the sample if there were no self-absorption, and the sam- 

ple self-absorption factor a 

K - n£a . (60) 

Integration of Eq. (59) yields 

c -x\t(1 " e"Uc) • (61) 
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Solving Eq. (61) for A  and substituting in Eq. (58) yields an expression 
tt 

for N1 in terms of the measured counts C 

CXt 
N* a  . (62) 

ngaCl - e"Xtc)(i - e"Xtr)(*-Xtt) 

In order to make N', the number of photonuclear reactions which 

are produced in the sample, independent of the sample mass, N' is divided 

by n , the number of target nuclei in the sample. This quotient yields 

N, the number of photonuclear reactions induced in the sample per target 

nucleus 

N - N7n (63) 
s 

where 

NA 
ns " A~ msPY ' (63a) 

In Eq. (63a), N. is Avogadro's number, A is the atomic mass of the target 

nucleus, m is the mass of the sample, y Is the fractional natural abun- 

dance of the target Isotope, and p is the fraction of the sample molecular 

weight made up by the target element. Tue fraction p is 

p - xA/M (63b) 
w 

where A la the atomic weight of the target element, M is the molecular 

weight of the compound, and x is the number of atoms of the target ele- 

ment per molecule of compound. 

The final expression for the number of photonuclear reactions 

per target nucleus induced in the sample is 



where 

N - 
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CXt A r 
0 €<*NAm8PYT 

(64) 

T - (1 - e"Xtc)(l - e"
Xtr)(e"Xtt) (64a) 

N is the number of photonuclear reactions produced in the sample per tar- 

get nucleus, C is the number of net photopeak counts integrated over the 

count time, X is the decay constant of the radioisotope produced, A is 

the atomic mass of the target element, n is the number of gamma rays of 

interest emitted by the radioisotope produced per disintegration, 6 is 

the counting-system efficiency without self-absorption for the particular 

gamma ray in photopeak counts per disintegration, a is the self-absorption 

factor of the sample for the gamma ray, N is Avogadro's number, as is 
A S 

t» 

the sample mass, p is the fraction of the sample molecular weight made 

up by the target element [as given by Eq. (63b)], Y is the natural abun- 

dance of the target isotope, and t , t and t are the counting, irradia- 

tion and transit times, respectively. 

Equations (64) are similar to Eq. (1) in the paper of Nath and 

Schulz on photoactivation ratios (9). Their photoactivation ratios are 

expressed in terms of activity km that would be produced in the sample 

by photonuclear reactions if it were Irradiated indefinitely. For irradi- 

ation times much longer than the half-life of the radioisotope being 

produced, the activity of the sample following Irradiation [as given by 

Eq. (55)] becomes 

A- - V1 ~ •""*> * PN (65) 
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because e~ r approaches zero when t » half-life of the radloisotope 

produced. Substituting P • Aw in Eq. (54) yields 

where A» is the activity that would be induced in the sample following 

an indefinitely long irradiation (equilibrium activity). The value of 

N' resulting from Eq. (66) is now substituted in Eq. (62) and the activity 

Am is divided by the number of target nuclei n to obtain 

CAA       - (6?) 

n6aNAm8prr  nfl 

where R is the activity (in disintegrations per second) per target nucleus 

Induced in the sample following an indefinitely long irradiation. The 

remaining variables have been previously defined. Equation (67) is iden- 

tical to Nath and Schulz's Eq. (1) if it is noted that for very thin 

foils of pure elements, which they used as samples in their experiment, 

the sample self-absorption factor a and the fraction p of the sample 

molecular weight made up by the target element equal 1.0. 

The samples used in this study consisted of chemical compounds 

containing the two elements in which the number of photonuclear reactions 

Induced were of interest. The parameter used to characterize bremsstrah- 

lung endpoint and spectral quality is the ratio of the number of photo- 

nuclear reactions per target nucleus induced in element 1 to the number 

of photonuclear reactions per target nucleus in element 2. The photo- 

nuclear ratio PR is defined as 

PR - Nx/N2 (68) 
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where N- and N« are the numbei of photonuclear reactions produced per 

target nucleus in elements 1 and 2, respectively. The photonuclear ratio 

PR, in terns of the numbers of counts C, and C« from the radioisotopes 

produced in elements 1 and 2, is given by 

PR 
ciWni6iWiTi . 8x 
C2X2A2/n262a2P2Y2T2"N2 

(69) 

Equation (69) follows from the quotient of N./N» as given by Eqs. (64, 

64a). The terms t , N., and m are constant and drop out of the ratio, r  A     s 

Equation (69) is of a very general nature and applies to photonuclear 

ratio calculations in almost any experimental situation. 

Equation (69) can be simplified somewhat if, as occurs in this 

experimental work, the energies E of the gamma rays producing the counts 

C. and C are equal. Under this circumstance, the det-ctoi efficiency £ 

and the sample self-absorption factor a, both of which are a function of 

photon energy, drop out of the ratio. The photonuclear ratios of this 

experiment were computed using the simplified formula 

PR - C2WV2Y2T2 
(70) 

Note that the photonuclear ratio given by Eq. (69) is algebraically 

equivalent to the ratio R./IL given by Eq, (67). 
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CHAPTER III 

MATERIALS AND METHODS 

Materials 

Samples 

Samples used for photonuclear rat-W determination utilising the 

method of induced activity should satisfy certain criteria: 

1. Sample elements in which photonuclear reactions are to be 

studied must contain nudides which produce radioactive isotopes upon 

irradiation. The radioactive specimen should be a gamma-emitter of large 

enough branching ratio that an activity measurement can be appropriately 

made by counting that particular gamma ray. 

2. The half-life of the resultant isdioisotopc should be short 

enough to allow a fair amount of radlonucllde production upon irradiation 

for a reasonable amount of time. The radioisotope half-life, on the other 

hand, should be long enough so that a sizable fraction of the radioacti- 

vity remains after the sample has been transferred from the Irradiation 

room to the counting system. 

3. The specific target isotope to be activated should have a 

high natural abundance. 

A. The sample material should be stable tnd preferably in solid 
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form at room temperature. The sample material should be readily avail- 

able and inexpensive« 

In addition to the above criteria, the samples used in this study 

met the following conditions: 

1. The sample consisted of a chemical compound containing the 

two elements for which the photonuclear yields were of interest. Because 

of this, both elements in the compound were exposed to exactly the same 

bremsstrahlung beam fluence, and measurement of the fluence to which the 

sample is exposed was unnecessary» 

2. The radioisotopes produced by photonuclear reactions in each 

element emitted the same energy gamma ray. This condition made determina- 

tion of the counting-system efficiency as a function of gamma-ray energy 

unnecessary. The condition further restricted the half-lives of the 

radioisotopes produced. The half-lives of the radioisotopes had to be 

sufficiently different so that the activity of each could be determined 

by counting the sample at two different times. The procedure for doing 

this is explained in detail in the Methods section of this chapter. 

3. The elements in the compound had to possess photonuclear 

cross sections differing in threshold energy and giant resonance location 

such that the photonuclear yield taken as a function of bremsstrahlung 

endpoint energy in one element remained fairly constant while the yield 

in the second element changed rapidly in the same energy range. 

The primary aim of determining photonuclear ratios was to obtain 

an index of spectral quality for bremsstrahlung in the megavoltage region 

and particularly In the energy range from 15 to 30 MeV, where such ratios 

are lacking. No one sample was found that was suitable for production of 

-*v\-\-Vv\- v* 
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unique photonuclear ratios as a function of bremsstrahlung endpoint energy 

encompassing the entire 15 to 30 MeV range. Therefore, the energy range 

was divided and two sets of ratios were determined requiring two differ- 

ent samples. In the lower half of this energy range (from approximately 

15 to about 22 MeV), the sample of choice was potassium hexaf luoroslllcate 

(K«SiF,). The photonuclear reactions producing the ratios were the 

39     38        19     18 
K(y»n) K and the  F(y,n) F reactions. In the upper half of the 

range (approximately 23 to 30 MeV), the 12C(Y,n)UC and 19F(Y,n)18F 

reactions in polytetrafluoroethylene (F-C-CF*), or "teflon," produced the 

desired ratios. The relevant characteristics of these reactions are'sum- 

marized in Table 1. 

The K2SiFfi samples consisted of approximately 30.7 g of 99% 

purity K^SiF, powder contained in a cylindrical aluminum can 3.2 cm in 

diameter and 4.1 cm high. The activity induced in the aluminum was 

extremely short-lived (6.34 sec) compared to the half-lives of the radio- 

38 18 
isotopes of interest ( K - 7.63 min,  F - 109.8 min). The aluminum 

activity was allowed to decay before the sample was counted. The mole- 

cular weight of K.S1F, is 220.25. The potassium (atomic weight 39.098) 
2  O 

fraction of the sample molecular weight is 0.355. The fluorine (atomic 

weight 18.998) fraction of the sample molecular weight is 0.517. The 

39 19 
natural abundance of  K is 93.1%, that of  F is 100Z. 

The teflon samples consisted of 2.5-ca-long pieces of teflon rod 

1.3 cm in diameter. The weight of each sample was approximately 7.0 g. 

The molecular weight of teflon is 100.02. The carbon (atomic weight 

12.011) fraction of the sample molecular weight is 0.24. The fluorine 

12 
fraction is 0.76. The natural abundance of  C is 98.89%, 

i ^ - «- .i — 
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T5»ble 1 

Photonuclear Reactions Used for Ratios 

12C( r,n)UC 
19F( r,n)18F 39K(*\n)38K 

Threshold 

(MeV) 18.7 10.4 13.1 

Half-life of 

Product (mln) 20.3 109.8 7.63 

Decay const. 

(min"1) .034 .0063 .091 

Gamma Energy 

(MeV) .511 .511 .511 

Photons 

per decay 1.98 1.94 1.98 

• 
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27       25 
The aluminum samples used to measure the  Al(y,2p) Na yield 

curve consisted of aluminum shot (y 1.0 mm diameter) tightly encased in 

aluminum cans identical to those used for the K2SiF, samples. The alumi- 

27 
num was 99.95% pure. The natural abundance of the  Al isotope is 100%. 

The sample mass averaged 36.5 grams with a maximum deviation from the 

27      25 
mean of less than 0.1%. The characteristics of the  Al(y,2p) Na reac- 

tion are summarized in Table 2. 

Sample Holders 

The precise determination of yields required that samples be 

irradiated and counted in a very reproducible fashion. To satisfy this 

requirement purpose, sample holders were designed and constructed (57). 

The sample holder used for sample irradiation allowed rapid insertion and 

removal. It held the sample close to the bremsstrahlung target,, thus 

increasing the photon beam fluence accordingly. Furthermore, it permit- 

ted very reproducible sample positioning. The sample holder ut*ed for 

sample counting also permitted rapid sample insertion and removal. It 

allowed reproducible positioning of the samples at any one of several 

precisely measured distances from the detector. These holders are 

described in the following paragraphs. 

The sample holder assembly used for irradiation is shown in 

Figure 9a. It contained a radial colllmator constructed of poured cerro- 

bend alloy (Lipowitz alloy, attenuation properties similar to lead). The 

radial colllmator was 7.6 cm in diameter and 13.3 cm long. The colllmator 

channel defined a truncated cone of entrance aperture 1.46 cm in diameter 

and exit aperture 2.16 cm in diameter. Using a small aluminum collar, 

the sample was positioned flush against the exit aperture of the colllmator 

'j^^im^^mi^^m4^ma^mmmämm^ail  )|      ''lit T I    n  il    1    hrtiliniiil   i    i    i    I    i    •    •   i   r .    . 
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Table 2 

27 25 
Al(f ,2p)    Na Reaction 

Threshold 
(MeV) 24.2 

25 
Na Half- 

life (sec) 60.0 

Na Decay 
Constant .01155 

Gamma Ray 
Energies (MeV) 
and Intensities 

.975 (14.5%)  1 
1.612 (9.5Z) 

II«1«»«»»» — 
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SLOTTED HOLDER 

1 

t 
SAMPLE CADDY 

VATITAT. 1 I 
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I'M 
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<; ',i 

i 
ALUMINUM 

SAMPLE SUPPORT 

J 

Figure 9. Sample holder assemblies, 

(a) for irradiation, (b) for counting. 
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with its central exis coincident with that of the truncated cone defining 

the collimator channel. The radial collimator and sample-bearing collar 

were supported by means of an aluminum assembly as shown in Figure 9a. 

The assembly was attached to a 0.5-in~thick aluminum plate. The entire 

structure was then secured to the linac collimator by fitting holes in 

the plate over rods imbedded in the linac collimator housing. These rods 

were tapped so that the plate was held firmly in place by nuts screwed 

onto the rods. When properly positioned, the entrance aperture of the 

radial collimator was located 27,8 cm from the bremsstrahlung target. 

When in place, the entrance face of the sample was 41.1 cm from the tar- 

get, and its central axis was coincident with the central axis of the 

bremsstrahlung beam. 

Reproducible sample positioning for radioactivity counting was 

also imperative. This was accomplished by positioning the samples in 

another sample holder which was attached firmly to the detector as shown 

in Figure 9b. This assembly, made of plexiglass, was slotted so that a 

sample caddy could be inserted into these slots at some well-known dis- 

tance to the detector face. The sample was placed into the sample holder 

so that the cylindrical sample axis was vertical and parallel to the front 

face of the detector. Using this apparatus the reproduclbility of the 

sample location with respect to the detector was within less than 1 mm. 

Linear Accelerator 

The linear accelerator was the most important piece of equipment 

used in this study. The linac was the source of the bremsstrahlung beams 

used in this work. Operational principles of medical electron linear 

accelerators in general are discussed in Appendix C. This section 

-%*—..- — 
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describes the particular accelerator used. Later, the experimental use 

of the accelerator will be discussed. The linac operating parameters 

which influence the kinetic energy achieved by the accelerated electrons 

are described and their appropriate values are defined. 

The accelerator used to produce the bremsstrahlung beams of this 

study was a Sagittaire/Therac 40 electron linear accelerator manufactured 

by CGR-MeV of France belonging to the Radiation Therapy Department of the 

University of Oklahoma Health Sciences Center. In its clinical mode, the 

Sagittaire can deliver electron beams at nominal energies of 7, 10, 13, 

16, 19, 22, 25, 28, 32, and 40 MeV. A 25 MeV bremsstrahlung beam is "also 

available in the clinical mode. Six dose rates at the isocenter can be 

chosen for both the bremsstrahlung and electron beams: .5, 1, 2, 3, 4, 

and 10 Gy per min. 

The Sagittaire/Therac 40 linac is shown schematically in Figure 

Cl (Appendix C). It essentially consists of three major components: 1) 

the microwave power supply section, 2) the electron injector and accel- 

erator system, and 3) the gantry and treatment head component. In the 

modulator room, microwave power was provided by a 3,000 MHz oscillator 

and a klystron microwave amplifier. In the accelerator room, electrons 

are injected into the acceleration guides by an electron gun. There, 

the electrons are accelerated by the amplified 3,000 MHz microwaves, 

traveling through two iris-loaded cylindrical wave guides. The energy 

gained by the electrons is controlled primarily by the degree of phase- 

coupling between the traveling waves in sections 1 and 2. This task is 

performed by a phase shifter consisting of a quartz rod which is inserted 

into the rectangular wave guide feeding section 1 (see Appendix C). 

••»    Mf      *-—•-»       »i»«W   •! i.i     ••••—•     .--7 •<•••» ••—«»- p  ••rr-   '.-^ -- 
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Accelerated electrons exit from the second accelerator section 

and then enter the gantry of the accelerator which is located in the 

treatment room. The electron beam direction is controlled by two magnet 

systems located in the gantry. The first magnet system analyzes the 

electron beam energy by means of a bending electromagnet and an energy- 

defining slit. The second system consists of two magnetic beam-bending 

devices that redirect the electron beam to a direction perpendicular to 

the acceleration wave guides. The beam then enters the therapy head 

where removable brems Strahlung targets may be inserted into the electron 

beam to produce x rays or may be removed to allow the electron beam to 

emerge. The radiation beam is finally collimated by a set of fixed and 

variable colUmators, and its intensity is monitored by a system of trans- 

mission ion chambers which also serves to control the beam centering. 

The accelerator could be operated in what is called theTexperi- 

mental mode. Most of the bremsst rah lung beams used in this study were 

produced In this mode. The beams produced in this mode are termed photon 

II beams (In contrast to the clinical photon beam which is called photon 

I). Photon II beams differ from photon I beams only in the amount of 

filtration after bremsstrahlung production. Both beams are produced in 

identical 4-mm-thick tungsten targets although each has its own target. 

The clinical photon I beam must traverse an approximately 2.8-cm-thick 

( ntral dimension) lead flattening filter. The photon II beams,  on the 

other hand, are filtered by a 2.7-mm-thick lead plate whose purpose Is 

solely to increase the amount of signal available to the ionization cham- 

bers for beam steering. 

A prominent parameter which describes the bremsstrahlung beam 
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of a linear accelerator Is its endpoint energy. The bremsstrahlung end- 

B point energy is the maximum photon energy in the photon spectrum.  It is 
(»3 

:•• usually taken to correspond to the mean kinetic energy of the electrons 

Sj incident on the bremsstrahlung target. This section describes the accel- 

P erator operating parameters which determine the final kinetic energy of 

|j the electrons. Also discussed is the method employed in the accelerator 

to define and control the kinetic energy of the electrons prior to radia- 

I tion. 
* 

;i- The resultant energy of the accelerated electrons is determined 

by a unique set of values of the following parameters (see Appendix C): 

9, 1) the magnitude (amplitude) of the axial electric field of the radio- 

gj frequency traveling waves, 2) the relative phase-coupling between the 

i 
H traveling waves in the first and second acceleration sections, and 3) 

i m the field strength of the bending magnet which analyzes the energy of the 

V electron beam.    The first parameter (axial field amplitude)  Is controlled 

S: by the amount of radiofrequency high voltage  (RFHV) applied.    The second 

• parameter (phase-coupling) is controlled by the relative position of the 

quartz rod Inserted In the wave guide that feeds section 1.    The third 
• * 

parameter, analyzing magnet field strength, is controlled by the current 

supplied to the energy-analyzing electromagnet. 

The energy of the electron beam is ultimately determined by the 

llnac energy-analysis system. This system defines the electron energy 

to ±2Z of the mean energy (94). The magnetic analyzer deflects the 

accelerated electrons through angles determined by the electron kinetic 

energy. Because of the major role played by the energy-analysis system, 

the fundamental principles of this system require discussion. 
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A charged particle of velocity v entering a uniform magnetic 

field of magnetic induction B experiences a force F perpendicular to the 

direction of motion and to the magnetic induction. Because there is no 

component of this force along the particle's direction of motion, the 

particle speed is unchanged but the particle is forced to move in a cir- 

cular path. If a particle is to move in a circular path at a constant 

speed, it must be subjected to a centripetal force. Thus, we have xor 

an electron of charge e, mass m , and velocity v la a magnetic induction 

i (58,59) 

2 m v 
Bev— (71) 

where r is the radius of curvature of the circular path into which the 

electron is forced to move. Rearranging Eq. (71) and substituting an 

alternate expression for the momentum p (60) yields 

Bare - (T2 + 2mec
2T),s « pc (72) 

where T is the electron kinetic energy and c is the speed of light. 

According to Eq. (72), for a given constant magnetic induction 

B, an electron will move in a circular path of radius r determined by the 

electron energy T. In the energy-analysis system of the accelerator, 

shown schematically in Figure 10, the degree of deflection (which depends 

upon r) of the electron produced by the bending-magnet induction depends 

on the electron energy. Only electrons of kinetic energy within 2%  of 

an appropriate mean energy will be deflected into a radius of curvature 

such that they are allowed transmission by the energy-defining slit. 
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BENDING 
MAGNET 

ENERGY 
ANALYZING1 

SLIT 

Figure 10. Electromagnetic energy analyzing system. 
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The appropriate mean energy T is that which satisfies the relation of 

Eq. (72). RF power is automatically changed if the electron energy devi- 

ates from the requested energy as determined by the magnetic induction 

of the bending magnet. 

Electron kinetic energy selection is made possible by virtue of 

the fact that the degree of deflection of an electron of a certain energy 

in the energy-analysis system depends upon the magnitude of the magnetic 

Induction of the bending magnet. This also follows from Eq. (72). The 

magnetic induction is directly proportional to the amount of current I 

supplied to the electromagnet. With this in mind, Eq. (72) thus can be 

written in the form 

I - K(T2 + 2mec
2T),i (73) 

-.» 
where K is a function of e, r, c and of the specifics of the magnet sys- 

tem. It is constant as long as saturation and residual magnetization 

effects are negligible. The exact form of Eq. (73) can be found by 

measuring tVe energy of electrons transmitted by the energy-analysis 

system «&* a function of the current applied to the bending magnet. Once 

known in its exact form, the equation can then be used to select certain 

electron energies by choosing the appropriate current to the magnet of 

the energy-defining system. 

Measurements of the type described above have recently been per- 

formed on the accelerator. The exact relationship between the electron 

kinetic energy and the current to the energy-analyzing magnet was found 

and published (6,57). The authors used three energy calibration points 

supplied by photonuclear reactions to relate magnet current to electron 

,. ^_ - 
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ft"\ fi2 
energy: the 10.8 MeV  Cu(y,n) Cu threshold, the 17.3 MeV break in the 

0(y,n)150 yield curve and the 29.2 MeV 32S(y,3p)29Al threshold. They 

found the deviation magnet current corresponding to each of the above 

electron energies and a function of the form 

I2 * KjT2 + K2T (74) 

K, and K2 constants was fit to the experimental points by using a least- 

squares procedure. Note that Eq. (74) can be obtained by squaring Eq. 

(73) and redefining the constants. The resulting relation between magnet 

current and electron kinetic energy was 

I - (37.7T2 + 90.3T)1* (75) 

From this relation, shown in Figure 11, one can obtain the magnet current 

which is necessary to produce an electron beam of a desired kinetic energy, 

The current to the energy-defining electromagnet is monitored by 

measuring the voltage drop across a sampling resistor, as shown in Figure 

12. In this fashion, the reading of a digital voltmeter (DVM) serves as 

an index of magnet current. In the accelerator experimental mode, the 

current to the analyzing magnet is continuously adjustable by means of a 

ten-turn helipot located at a convenient point in an electronics rack 

which in turn is located in the modulator room. In the clinical mode, 

the current to the electromagnet is fixed at the value appropriate for 

the clinical beam to be used. The position of the switch S of Figure 12 

determines whether the linac is operated in the experimental mode or in 

the clinical mode. 

In the clinical mode, when one of the ten available energies is 

'•!•"• «'• 
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Figure 11. Relation between mean electron kinetic energy 

and deviation current to the bending magnets of the energy - 

analysis system of the Saglttaire accele.ator. From Ref. (57). 
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selected, the phase-coupling and analyzing magnet current are set auto- 

matically and the RFHV is controlled by a servo mechanism. In the experi- 

mental mode, the energy selection switches are bypassed and the automatic 

servo mechanisms regulating the energy control parameters are disabled so 

that the energy-defining magnet current, phase-shifter position, and 

RFHV can be set and maintained manually. A bremsstrahlung beam of a 

desired endpoint energy is obtained by first selecting the appropriate 

energy-analyzing magnet current (as measured by the DVM) corresponding 

to the desired endpoint energy. The appropriate phase and RFHV values 

are then set. The proper settings had been obtained earlier (57) by 

keeping to a minimum the gun current required to keep the selected end- 

point energy beam at a constant given intensity. The appropriate linear 

accelerator operating parameters as a function of bremsstrahlung beam 

endpoint energy are presented in Table 3. 

Counting System 

Sample activity was measured with a high-purity germanium (HPGe) 

semiconductor detector gamma-ray spectroscopy system. These systems are 

best known for their excellent energy resolution. This resolution enables 

the separation of interference peaks from the full energy (total absorp- 

tion) peak. The system used in the present work for activity determina- 

tion possessed an energy resolution of 0.3Z FWHM at 1332.5 keV. A basic 

description of the principles and characteristics of semiconductor spec- 

trometer systems is provided in Appendix D. The present section is a 

description of the particular system used in this study. Discussed are 

the specifications of each component of the system and the system perfor- 

mance. 

-"—.«•.--• ^ -  _•-,--, , , ••- 
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Table 3 

Linear Accelerator Operating Parameters 

T  (MeV) 
ave N 

I  (mV) 
aveN Phase Setting R.F.H.V. 

D.V.M. D.V.M. D.V.M. 

12.0 80.7    j 0.172     ! .470 
12.5 83.8 0.177 
13.0 86.9 0.182 
13.5 89.9 0.188 

i    14.0 93.0 0.194     I 
14.5 96.1 0.199 
15.0 99.2   ! 0.205 
15.5 102.3 0.211 • 

16.0 105.3   j 0.218 
16.5 108.4 0.224 
17.0 111.5 0.230 
17.5 114.6 0.236 
18.0 117.6 0.243 

|    18.5 120.7 0.250 

i    19-° 123.8 0.256 
1    19.5 126.9 0.263 

20.0 129.9 0.271 
20.5 133.0 0.279 
21.0 136.1 0.287 
21.5 139.2 0.296 
22.0 142.2 0.304 

\            72.5 145.3 0.314 
23.0 148.4 0.324 • r 

|    *** *** *** 
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Table 3  (Continued) 

Linear Accelerator Operating Parameters 

Tave(MeV) I      (mV) aveN    ' Phase Setting R.F.H.V. 

D.V.M. D.V.M. D.V.M. 

23.5 151.5 0.452 .446 
24.0 154.5 0.446 .449 
24.5 157.6         j 0.440 .452 

1           25.0 160.7 0.434 .455 
25.5 163.8 0.428 .459 
26.0 166.8 0.423 .462 
26.5 169.9 0.418 .465 

j           27.0 173.0 0.412 .468 
27.5 176.1 0.407 .471 
28.0 179.1 0.402 .473 
28.5 182.2 0.396 .476 
29.0 185.3 0.392 .479 
29.5 188.3 0.388 .481 
30.0 191.4 0.384 .483 
30.5 194.5 0.380 .485 
31.0 197.6 0.376 .488 
31.5 200.7 0.374 .490 
32.0 203.7 0.372 .492 
32.5 206.8 0.370 .494 

i           33.0 209.8 0.370 .495 

1    I«   I    •' 



78 

The detector was a closed-end coaxial type high-purity germanium 

detector manufactured by Princeton Gamma-Tech (PGT). It was a cylinder 

4.0 cm long and 4,3 cm diameter with an entrance window of aluminum 0.1 

cm thick (61). The detector was used with a 2100-volt positive bias from 

a high-voltage power supply and was cooled to 77 K. A copper cold finger, 

one end touching the detector and the other immersed In liquid nitrogen, 

provided the conduction path for heat flow. Detector cooling was neces- 

sary to reduce thermal noise. The detector was shielded with 10.2 cm 

lead to reduce the background radiation contribution. 

The detector output charge pulse, which is proportional to the 

number of electron-hole pairs produced by a photon interaction in the 

detector, was fed into a PGT model RG-11 preamplifier. The preamplifier 

was located directly adjacent to the germanium detector to minimize 

pick-up of stray fields. The preamplifier amplified the charge pulse 

amplitude by a factor of 25,000. The output voltage-pulse of the pream- 

plifier was shaped to have an approximately 10 nsec rise time and 50 ysec 

decay time (61). 

The preamplifier output pulse was processed by a Canberra Model 

1413 amplifier. This amplifier not only increased the amplitude of the 

signal pulse but also modified the pulse to a Gaussian shape, thereby 

increasing the signal-to-noise ratio and making the output pulse compat- 

ible with the analog-to-digital converter (ADC) of the multichannel 

analyzer. The spectroscopic amplifier also had baseline-restorer circuits 

to minimize the effects of baseline fluctuations. 

The amplitude of the pulse from the amplifier, which was propor- 

tional to the amplitude of the detector original charge pulse, was digi- 
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tized by the ADC of a Canberra Model 4100 multichannel analyzer (MCA). 

The 50 MHz digitizing rate was under crystal clock control. The digitized 

value of the pulse amplitude determined the location of the analyzer 

memory to be incremented. Thus, the address of the channel in the array 

of the MCA memory locations was directly proportional to the radiation 

energy absorbed in the detector (see Appendix D). 

The relationship between the channel number, which corresponds 

to a given pulse-height interval, and the energy deposited in the detec- 

tor by a photon interaction event was found by energy-calibrating the 

pulse-height scale with 11 gamma-ray emitters having a total of 24 gamma 

rays of known energies (Table 4). The energy calibration was performed 

so that a 2.5 MeV energy range spanned the MCA's 1024 channels. A 

straight line was fit to the data of Table 4 using linear regression to 

obtain the relation between photon energy and channel number 

E - (2.47)C + 9.74 (76) 

where E is the photon energy in keV and C is the channel number.    The 

energy-channel relation was indeed linear with a coefficient of correla- 

tion of r2 - 1.00. 

The counting-system efficiency as a function of photon energy 

was investigated using gamma-ray emitters calibrated by the National 

Bureau of Standards   (NBS).    The NBS-calibrated sources effectlvel> were 

point sources  (minute quantities of isotope deposited on thin plastic 

tape).    The characteristics of these NBS-calibrated sources are presented 

in Table 5.    Intensities shown in the table are source intensities at the 

time of calibration. 

*-—z asa 
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Table 4 

Sources used in Counting System Energy Scale Calibration 

Sources Gamma ray Channel 

Energy (keV) Number 

Eu-1!*>2 121.8 46 
344.3 135 
778.9 311 
964.0 386 

1112.1 446 
1408.0 566 

Ba-133 276.4       | 108 
302.8 118 
356.0 141 
383.8 151 

Hg-203 279.2 109 

Sb-125 427.0 169 
463.0 184 
599.0 239 

Cs-137 661.6 264 

Kr-85 514.0 204 

Bi-207 569.6 227 
1063.4 427 
1769.7 713 

Co-58 810.7 324 

Mn-54 834.8 334 

Co-60 1173.2 471 
1332.5 536 

Na-22 1274.6 512 

-is. 
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Table 5 

NBS Sources used in Counting System Efficiency Calibration 

Point Gamma ray Intensity 

Sources Energy (keV) ( t 's per sec) 

Bi-207 569.6 (7.786) 10* 

1063.A (5.992) 104 

1769.7 (5.642) 103 

Kr-85 51A.0 (4 .'381) 104 

Ba-133 
/ 

276.4 

302.9 

(1.106) 104 

(2.985) 104 

35610 (1.014) 105 

383.9 (1.503) 104 

Co-60 / Cs-137 661.6 (3.429) 103 

1173.2 (5.356) 103 

1332.5 j   (5.361) 103 

rf^MKKita 
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The point sources of Table 5 were counted at 2.1 cm and 8.2 cm 

from the detector face. The photopeak efficiency as a function of gamma- 

ray energy was calculated by dividing the net photopeak count rate (in 

counts per sec) by the rate of gamma rays of appropriate energy emitted 

by the source (in gamma rays per sec). Net photopeak counts were obtained 

by adding the total number of counts in the pulse-height analyzer channels 

encompassing the entire photopeak and then subtracting the background 

contribution. Background counts were determined by first averaging the 

counts in the channels where the photopeak blends into the background 

continuum and then multiplying the resultant average background counts 

per channel times the total number of channels in the photopeak. The 

gamma-ray emission rates of the sources were computed from the source 

activities as given by the NBS certificates of calibration. Barium-133 

gamma-ray intensities were corrected for coincidence-summing effects (62) • 

The couating-system point-source efficiencies, at 2.1 and 8.2 

cm, are presented in Table 6 and Figure 13 as a function of photon energy. 

Efficiency has been defined as the ratio of the net total photopeak count 

rate to the gamma-ray emission rate. The efficiency, hence, is in units 

of counts per second per gamma ray emitted per sec. 

The smooth curves of Figure 13 were hand-drawn through the exper- 

imental points. The curve shapes are in good agreement with typical effi- 

ciency curves for this type detector (63). 

Timing Control Apparatus 

The amount of radioactivity produced by photonuclear reactions 

in the sample and subsequently measured in the counting system depended 

very critically on three separate time intervals which had to be fixed 
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Table 6 

Counting System Photopeak Efficiency 

Energy 

(keV) 

Source * Photopeak Efficiency (X103) 

at 2.1 cm    at 8.2 cm 

276.4 

302.9 

356.0 

383.9 

514.0 

569.6 

661c 6 

1063.4 

1173.2 

1332.5 

1769.7 

Ba-133 

Ba-133 

Ba-133 

Ba-133 

Kr-85 

Bi-207 

Cs-137 

Bi-207 

Co-60 

Co-60 

Bi-207 

23.7 4.48 

20.6 3.92 

16.9 3.22 

15.6 2.82 

11.2 2.08 

10.6 1.89 

9.2 1.67 

5.0 0.98 

4.9 0.94 

4.3 0.82 

3.0 0.55 

* Photopeak efficiency is defined here as net total photopeak count 

rate (cps) per gamma ray emission rate ( t• pa) 

, ; if. 
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precisely. These were the irradiation time, the time required for the 

transfer of the sample from the linear accelerator to the counter, and 

the counting time. The counting time was controlled by the present live- 

time counter in the multichannel analyzer. The irradiation and transfer 

times were controlled by a timing control apparatus described in the next 

paragraph. 

The timing control apparatus consisted of a module containing 

two precision electrical clocks which could be preset. The timer module 

was interfaced with the llnac controls and with a start-count gate on the 

MCA. The irradiation time was set on timer 1 and the sample transfer 

time was set on timer 2. When the linac was turned on, timer 1 was acti- 

vated and the irradiation commenced. When the time set on clock 1 ran 

out, the linac was automatically shut off and a relay started timer 2 

which ran while the sample was transferred from the linac to the detector. 

When timer 2 shut off, a signal pulse was sent to the MCA which started 

the counting period. This continued until the MCA live-time indicator 

reached the preset value. With these time-controlling devices, all times 

were set prior to irradiation and all phases of the experiment advanced 

automatically, 

P-2 Ionizatlon Chamber 

Normalized yield determination required measurements of the 

energy fluence of the bremsetrahlung beam traversing the sample. This 

was accomplished with an NBS type P-2 ionizatlon chamber, described in 

detail elsewhere (56), which was located approximately 2.4 meters from 

the sample. The activity induced in the sample was divided by the response 

of this ionizatlon chamber to compute the normalized yield. 



• 

86 

The experimental arrangement of the ionization chamber and its 

associated components is shown schematically in Figure 14. The ionization 

chamber (1) collecting potential was 1200 volts and was supplied by a DC 

high-voltage power supply (HV). The output current of the chamber was 

integrated on a high-quality 10.096 uF polystyrene capacitor (C). A var- 

iable resistor (R) was introduced in the circuit so that the RC constant 

was inversely proportional to the decay constant of the radioactive 

species being produced (see Measurement of Yield section in Chapter II). 

The potential across the capacitor was measured with a Gary model 401 

vibrating reed electrometer (E), which was located in the modulator room 

of the accelerator. A Varian model 401 preamplifier (P) provided initial 

amplification and impedance-matching. 

The response of the ionization chamber to bremsstrahlung energy 

fluence was nearly independent of bremsstrahlung endpoint energy. Cali- 

bration of the chamber showed a response of approximately 2.4 micro-cou- 

lombs per joule of incident energy of ±0.92 from 15 to 35 MeV (56). The 

measurement system was checked for leakage current, possible recombination 

losses, md contributions to the ionization current from scattered radia- 

tion (57). All effects were found to be negligible under the experimental 

conditions of this work. System reproducibility was checked at the begin- 

ning of each data-collection session by measuring the charge collected 

226 
when a 30 mg   Ra source was placed at a specific location on the P-2 

chamber. These measurements showed a variability of about 1.2Z (standard 

error) over the course of the entire experiment thus indicating good 

stability. 

••V-'NVwV.V.Vw-. •/.%•.'/. .V-W. .: 
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c 

(O   1 •-S-ÜD 
HV 

Figure 14. Radiation monitor system arrangement. 

I - Ionisation Chamber. HV - High Voltage Supply. 

C - Capacitor. R - Resistor. P - Preamplifier. 

E - Electrometer. 
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Methods 

Photonuclear Ratios 

This section describes the procedures followed to acquire and 

analyze the experimental data used to determine the photonuclear ratios. 

In general the experimental method consisted of irradiating the K-SiF* 

and teflon samples previously described with bremsstrahlung of a certain 

endpolnt energy» counting the samples, and then computing the ratios as 

a function of endpolnt energy. This procedure was repeated several times 

so that a mean ratio with a minimum amount of uncertainty at each endpolnt 

energy could be reported. Because two sets of ratios were determined 

using two different sample types, the experimental method for each dif- 

fere 1 slightly. Each method is described separately in the following 

after a general description of the irradiation and the radioactivity 

determination procedures which were common to both sets. 

The samples were irradiated, in the geometry shown in Figure 15, 

with the Sagittaire linear accelerator operating in the photon II, or 

experimental mode. The operation and characteristics of the linac exper« 

imental mode have been set forth in the description of the Sagittaire in 

the Materials section of this chapter. The K2
SiF6 8amPles were exposed 

to bremsstrahlung of endpolnt energies from 13 to 23 MeV at integral MeV 

intervals. The teflon samples were exposed to x-ray beams of endpolnt 

energies ranging from 20 to 32 MeV, also at integral-HeV intervals. 

Prior to sample irradiation, the bremsstrahlung beam endpolnt 

energy was chosen at random. Continuous selection of endpolnt energies 

was made possible by the llnac modification previously described. The 

deviation magnet current corresponding to the chosen endpolnt energy was 
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Figure IS. Sample irradiation geometry, 
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set. This setting established the accelerated electron beam energy. The 

optimum phase-shifter position, gun current and RF high voltage (RFHV) 

corresponding to the chosen endpoint energy (Table 3) were also set. In 

addition, the irradiation and transfer times were set on the timing con- 

trol module. The sample was then inserted in the llnac sample holder. 

The linac was started and irradiation commenced. 

At the end of the irradiation, the monitor units utilized were 

noted and recorded. The sample was then transferred to the counting room 

and was inserted in the sample holder near the germanium detector. After 

expiration of the transfer, or transit, time which was set on timer 2 of 

the timing control module, the sample was counted. The background-correc- 

ted counts were then used to compute the photonuclear ratio at the selec- 

ted endpoint energy. 

The photonuclear ratio (FR) has been defined as the number of 

photonuclear reactions per target nucleus Induced in element 1 of the 

sample compound divided by the number of photonuclear reactions per tar- 

get nucleus induced in element 2 of the compound. To determine the number 

of photonuclear reactions, the activity of the samples was measured. 

In both target elements of both samples, the radioisotopes of 

interest decayed by positron emission with the subsequent emission of 

0.511 MeV annihilation gamma rays. It was the 0.511 MeV gamma rays that 

were counted to determine the amount of radioisotop* rodurfid. sine« ?h* 

half-lives of both of the radioisotopes produced in the compound differed 

significantly (7.63 min 38K vs. 109.8 min 18F in K2SiF6 and 20.3 min 
UC 

18 
vs. 109.8 min  F in teflon), the sample was counted twice to enable 

determination of the activity of each radiolsotope. 
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The first count contained contributions from both the short-lived 

and the long-lived radioisotopes. The second count was delayed in time 

until the shorter-lived radioisotope had decayed very nearly completely 

(ten half-lives of the shorter-lived Isotope). The second count , there- 

fore, was due almost exclusively to the longer-lived radioisotope. Based 

on the second count, utilizing appropriate decay factors, the contribution 

of the longer-lived isotope to the first count was calculated. This value 

was then subtracted from the number of counts measured in the first count 

to obtain the contribution due to the decay of the shorter-lived isotope. 

The procedure described above for determining the activity of 

each isotope of interest in the sample was followed with both the K2
siF6 

and the teflon samples. In the K.S1F, experiment the first count was due 

to the activity of both  X and  F, and the second count, obtained after 

\ decay, was due almost entirely to the  F activity. In the teflon 

experiment, the first measured count contained contributions from both 

the  C and  F activities while the second count, obtained after the  C 

18 
had decayed, was due almost entirely to the  F activity. 

The counts mentioned in the foregoing were obtained from the 

total absorption peak or photopeak. The gross counts in the photopeak 

were corrected for background to yield net photopeak counts in a manner 

outlined below. The number of counts in all channels encompassing the 

photopeak were sunned. Background counts were determined by first noting 

the number of counts in the channels bordering the photopeak where the 

peak blended into the background continuum. The counts in these channels 

were then averaged and multiplied by the number cf channels in the photo- 

peak to yield the background count. The background count was then sub- 

*vvv"\-v\ v.. \v.v; •••;.'  •;••:••  .....-..-.  -.-.-.V'-.-.v ..--.-/-. •''.  '. •'. ••' O 
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tracted from the sum cf the total photopeak counts to yield the net photo- 

peak counts. 

The K?SiF6 samples were irradiated to bremsstrahlung of endpoint 

energy ranging from 13 to 23 MeV. One by one, each sample was positioned 

in the linac sample holder and was irradiated, as described previously, 

for 2 minutes at a certain endpoint energy. The sample was then trans- 

ferred to the counting system and allowed to stand for 10 minutes. The 

delay provided for the decay of any interfering short-lived positron acti- 

vity such as 6.34 sec 26A1, 4.14 sec 27Si, .93 sec 38nK. The 10-oin wait 

also served to reduce the amount of detector dead time. After the 10-min 

wait the sample was counted for 1 minute. The counts : . the 0.511 MeV 

38     18 
photopeak, due to the activity of both  K and  F, were then recorded. 

The sample was then recounted for 1 min 90 minutes after the conclusion 

of its Irradiation and again the 0.511 MeV photopeak counts were'recorded. 

18 It was assumed that the 90-min delayed count contained only  F counts 

since 11.8 \ half-lives had passed leaving only .032 of the original 

activity. The entire procedure, which constitutes what is termed a "run," 

was then repeated for another sample at another endpoint energy. 

The K^SlFg photonuclear ratio at a given endpoint energy obtained 

18 
in a given run is calculated as described below. The net  F count 10 

minutes after Irradiation is calculated from the 90-min count through the 

relation 

«• • rc90-"X<10)/«-X(90) <") 

where FC«0 and FC9Q are the 10-min and 90-min counts corresponding to the 

1 F activity at 10 min and 90 min respectively.    X is the      F decay con- 

»—• '     '        *   ' l»W^jWHII""W»^»    •»•—        I'll «II    II •       — 



93 

m1 38 
stant (.00631 min )• The net 10-min  K count is obtained by subtracting 

18 38      18 
the net  F count at 10 min from the measured ( TC plus  F) 10-min count. 

The net \ and net  F counts are then substituted into Eq. (70) to 

obtain the appropriate photonuclear ratio. 

The teflon samples were Irradiated with bremsstrahlung of endpoint 

energy ranging from 20 MeV to 32 MeV. Each sample was positioned, one by 

one, in the linac sample holder and was irradiated for 3 min at a selected 

endpoint energy. The sample was then transferred to the counting system 

and allowed to stand for 10 min to reduce the amount of detector dead 

time. After the 10-min wait the sample was counted for 1.67 min (100 

sec). The counts in the 0.511 MeV photopeak, due to the decay of both 

11 18 C and     F, were then recorded.   The sample was recounted for 100 sec 

200 minutes after the conclusion of its irradiation and again the 0.511 
i» 

MeV photopeak counts were recorded.    The 200-min count contained almost 

18 11 exclusively     F counts since 9.85      C half-lives had transpired leaving 

only  ,11Z of the original activity.    The entire procedure, or run, was 

then repeated for another sample at another endpoint energy. 

For a given run, the teflon photonuclear ratio at a given end- 

point energy waa calculated in a fashion similar to that used to calcilate 

the *2SiF6 ratios*    rhe net      F count 10 min after irradiation was calcu- 

lated from the 200-min count by 

where FC1Q and FC200 are the 10-min and 200-min counts due to      F activity 

at 10 min and 200 min respectively.    Again X is the      F decay constant 

(.00631 min"" ).    The net     C 10-min count is obtained by subtracting the 

»i    •   •w.nim      •      i   • .-,„«     i % 

• y v,; .;••*v.v,• ii... ^^ 
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net  F iO-min count from the measured ( C plus  F) 10-rain count. The 

11       18 
net  C and net  F counts are then substituted Into Eq. (70) to obtain 

the appropriate photonuclear ratio. 

The Bremsstrahlung Spectrum 

This section describes the numerical analysis method which was 

used to obtain a functional form for the bremsstrahlung spectra produced 

by the Saglttalre accelerator. The computational procedure consisted 

essentially of the following (refer to Fig. 16): 1) the target (thick- 

ness D) was divided Into n slabs of thickness Ad; 2) an Intrinsic spec- 

trum was assumed for each slat; 3) the photons radiated were attenueted 

by remaining slabs; 4) the electron energy In the i  slab, T- 3  was 

degraded by Interactions In preceding slabs; 5) the number of electrons 

reaching subsequent slabs was decreased; 6) contributions from each slab 

were added to form a composite spectrum. 

2 
The Saglttalre accelerator target, 7.72 g/cm of tungsten, was 

2 
divided into 200 slabs, each of thickness 0.0386 g/cm (approximately 

0.006 radiation lengths). The bremsStrahlung cross section used to com- 

pute the intrinsic spectrum from each slab was Schiffs cross section 

differential in photon emission angle and energy [Eq. (36)]. The formula 

employed was in the notation of Blsdel (54) in the rewritten form of Lent 

and Dickinson (52). For each slab, the intrinsic spectrum was integrated 

over photon emission angles up to that determined by electron multiple 

scattering in the slab (54). 

The reason for choosing this form of intrinsic spectrum had to 

do with the chosen slab thickness in combination with the solid angle 
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Figur« 16. Thick target parameters used in th« 

brtaastrahlung computer program. 

'  ' ' !•!••• I 
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subtended by the sample irradiated. The slab thickness had been chosen 

such that the electron was multiple-scattered prior to radiation. The 

solid angle subtended by the sample was such that the actual spectrum 

seen by the sample contained photons emitted at angles up to those deter- 

mined by multiple-scattering. Under these circumstances, the differential 

spectrum integrated over photon emission angles up to the multiple- 

scattering angle represented an appropriate approximation to the actual 

spectrum to which the sample was exposed (19,54,64,65). 

The radiated photons were attenuated by remaining slabs. A 

factor of the for» 

ttjfrv) - exp[-u1(hv)(D - dt)] (79) 

was used for this purpose. In Eq. (79), oi(hv) is the photon attenuation 

factor as a function of photon energy for slab i, B is the total1 target 

thickness and d, is the depth of the present slab. Vj(hv), the total 

attenuation coefficient of tungsten as a function of photon energy hv» 

was obtained by fitting simple quadratic expressions to the total atten- 

uation coefficient for tungsten given by Storm and Iarael (66). 

The average electron kinetic energy in each slab T. was deter- 

mined by energy losses in previous slabs 

T. - TA - £(g)   j 1 - 1 (80.) i - To - r' 

Ti - Ti-1 - C3B(§V    51-2.3. .... n.     (80b) 
S v 'Vi 

In Eqs. (80), T. is the average electron kinetic energy in the present 

'-••••* • »•'- .'••-'••.• / •.'.'.-'••' -^» - ••-  - ••-'.. 
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slab, T. - Is the electron kinetic energy in the previous slab, TQ is the 

incident electron kinetic energy (endpoint energy), Ad is the slab thick- 

ness, and dT/ds is the total mass stopping power of electrons in tungsten. 

The total mass stopping power was obtained by fitting simple quadratic 

expressions to the mass stopping power data of Berger and Seltzer (67). 

The angle 6- is the r.m.s. angle of multiple-scattering according to the 

Meliere theory <55)• lue angle of multiple-scattering was calculated 

using Bichsel's expression (68) 

> 2 - M57)(Z2 + Z)(B - 5.01)nd m m  . 
ei "    A(T^ + ^?fj)  (81a) 

In Eqs. (81), Z and A are the atomic number and atomic mass of the target, 

respectively, T^ is the electron kinetic energy in the 1  slab (Eqs. 80), 

• Is the rest energy of the electron in MeV, Ad Is the slab thickness, 

and B la the Möllere B (68). The value of 5.01 was determined in an 

experiment (described later In this chapter) in which the angular distri- 

bution of the bremsstrahlung beam of the Saglttalre was Investigated to 

estimate the electron multiple-scattering distribution in the target. 

In a slab, the e-tual angle into which an electron is multiple- 

scattered depends also on the multiple-scattering angle of the previous 

slab (53). Thus, for s slab 1, the angle of multiple-scattering 0-was 

obtained from the reistion 

2 2 where e. is given by Eq. (81a) and e. , is the square of the angle of 

multiple-scattering of the previous slsb. The angles were summed in 

quadrature because they essentially represent measures of dispersion. 

I   - "•        •.••-...     . X. 
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In latter slabs of the target, the electrons undergo a diffusion process 

2 
in which the electron angular distribution remains approximately cos 6- 

2 
for which «• - 0.5388 radians (69). In these slabs, # [as given by Eq. 

(81b)] vas limited to 0.734 radians (53). 

The fraction of the incident electron flux which reached the i 

slab vas calculated with the following formulas due to Ebert (70). 

T± - exp[-a(Ad/R)
b] (82) 

a - (1 - l/b)1-b (82a) 

b - [387T0/1.000075ZT0V
25 (82b) 

R - .565 (pro) To - -*23 (nro) • „ <82c> 

In Eqs. (82), x IS the fraction of the incident electron flux that 

reaches the 1  slab and U is the extrapolated range. All remaining 

variables have been defined previously. These equations resulted from 

curvas fit to experimental data for monoenergetlc electrons up to 12 MeV 

In foils of select elements up to uranium (70). The assumption vas made 

here that these relations hold up tc about 30 MeV. 

The final photon spectrum was obtained by summing the photon con- 

tributions from each slab. 

N(hv) - Z    N1(hv)r1 (83) 
i-1 

In Eq.  (83), N(hv) is the total number of photons of energy hv in the 
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spectrum. The summation is over all slabs, x.  is the transmission factor 
.th of the i  slab [Eqs. (82)], and N (hv) is the number of photons of en. gy 

hv contributed by the i  slab 

I^v) - da(hv)niai(hv) . (83a) 

In Eq. (83a), da(hv) is the brems Strahlung cross section in cm' [Eqs. 

(36)], ou(hv) is Che photon attenuation factor as a function of photon 
th 

energy for the i  slab [Eq. (79)], and ^ is the number of target nuclei 

2 th per cm in the i  slab 

»i-r»^ (83b) 

where N   is Avogadro's number, A is the atomic mass of the target, p is 

the density of the target, Ad is the slab thickness, and 4. is the r.m.s. 

angle of multiple-scattering (Eqs.  (81)]. 

In most linear accelerators, the electrons producing bremsstrah- 

lung possess a finite distribution of energies centered about a mean elec- 

tron energy.    In the case of the Saglttaire accelerator, electrons of 

energies within ±2X of a mecn electron energy are transmitted by the 

energy-defining slit (94).   The bremsstrahlung computer program was modi- 

fied to account for this fact.    At any given endpolnt energy T , the 

spectrum was assumed to consist of photons produced by electrons of ini- 

tial energy T , T   - 22T  , and T   + 2ZT .    The endpolnt energy dlstribu- o     o o o o 

tion was assumed to be a Gaussian of 4ZT    full-width-half-maximum.    Rela- o 

tlve weights of  .25,   »50, and  .25 thus were given to the spectra produced 

by electrons of energy T   - 2i, T , and T   + 2X, respectively. 

jjjjjj^j^jj^jjLtii i      ----------   ^ - -  .      . •      —— 



100 

A computer program, written in Fortran and incorporating the 

above, expressions, was used to produce the bremsstrahlung spectra approxi- 

mations required for this study.    A listing of this program is provided 

in Appendix E. 

Electron Multiple-Scattering 

High-energy bremsstrahlung is emitted at small angles with 

respect to the direction of the incident electron,    /in order of magnitude 

estimate of this angle is (19) 

<J> - u/E    radians (84) 

where <j> is the angle between the direction of the radiation photon and the 

initial direction of the radiating electron, u is the rest energy of the 

electron, and E   is the total electron energy.    For a bremsstrahlung beam 

of 25 MeV endpoint, <J> is of the order of 0.02 radians.    In an experiment 

where the angular distribution of high-energy bremsstrahlung Intensity is 

measured, the electron multiple-scattering distribution can be estimated 

if the assumption is made that bremsstrahlung is emitted at angles small 

compared to the angles of electron scattering.    Such an experiment was 

performed to examine the ability of Eqs.  (81) of appropriately estimating 

the angle of multiple-scattering. 

Eleven teflon samples were placed in a straight line on a plane 

parallel to and 75 cm from the bremsstrahlung target.    The samples were 

spaced 2 cm apart with the central sample located on the central ar.is of 

the bremsstrahlung beam.    The samples were exposed to a 25 MeV photon II 

beam for 5 min and were counted for 60 sec with the germanium detector. 

The same procedure used in the phoconuclear ratios experiment for esti- 

T"""*""   "'     "."*1 
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mating the  C activity was followed. The  C decay factor was s lied 

to each count to calculate the  C activity of each sample at the time 

the irradiation stopped. The activity of each sample was divided by the 

sample weight to yield a "specific activity" for each. This activity was 

then plotted as a function of the sample relative position during irradi- 

ation and a Gaussian curve was fitted to the plot using a non-linear 

regression technique (71). Thus, a distribution of the intensity of 

12    11 
photons possessing energies between 18.7 MeV [ C(y,n) C reaction thresh- 

old] and 25 MeV as a function of distance from central axis (and hence 

angle from the initial electron direction) was obtained. 

A weighted effective angle of multiple-scattering was calculated 

from the bremsStrahlung computer program for the target slabs contributing 

photons of energy greater than 18.7 MeV. The weights were obtained from 

the electron energy in the slab [Eqs. (80)] and from the relative  C 

yield as a function of energy measured in the photonuclear ratio experi- 

ment. This weighted effective angle was then compared to the standard 

deviation of the Gaussian distribution obtained from the regression fit 

and a normalization factor F was calculated 
n 

F - ^±- (85) 
n  *meas 

where <* f, is the weighted effective angle of multiple-scattering (1/e 

width of the distribution) and O- m      is the standard deviation of the meas 

Gaussian fit. The (B - X) factor of Eq. (81a) was then modified in a 

manner similar to that of Hanson (72). 

•••'- 
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27       25 
The  Al(Y,2p) Na Cross Section 

The aluminum samples described in the Materials section of this 

27      25 
chapter were used to obüain the  Al(y,2p) Na yields as a function of 

bremsstrahlung endpolnt energy. Yields were measured at endpolnt energies 

from 25 to 33 MeV in 0.25 MeV increments. Thus, a yield curve consisted 

of 33 yield points. A total of five yield curves was obtained and mean 

yields were computed. This section describes the experimental procedure 

27      25 
followed to obtain the  Al(y,2p) Na yield curve and the method of deter- 

mining the reaction cross section. 

Prior to the start of this experiment, the resistance value of 

the variable resistor of the RC circuit of the radiation monitor system 

was set such that the time constant (RC) was inversely proportional to 

25 
the  Na decay constant. For a capacitance of 10.096 uF and a decay con- 

stant of 0.01155 sec" , the required resistance was 8.57 MB. The behavior 

of the RC system was checked Initially and ac  the beginning of each exper- 

imental session. The capacitor was charged to a certain value and the 

decay of charge was observed as a function of time to determine whether 

the potential was decreasing with rate constant RC » 1/X. The potential 

drop half-time was measured with a stopwatch. After the Initial setting 

of the resistance value, no further adjustments were required as the 

measured potential drop half-times were consistently reproducible to 

within IX. 

Before the irradiation of the aluminum samples, the capacitor of 

the radiation monitor system was shorted to remove any potential. The 

samples were irradiated in the irradiation geometry shown In Figure 15. 

The brems st rah lung endpolnt energy was chosen at random and the approp- 



103 

riate irradiation parameters (Table 3) were set on the linac. Sample 

irradiation time was 2 min. Immediately following irradiation, the vol- 

tage reading on the electrometer was noted and recorded and the sample 

was retrieved from the irradiation room. After a delay of 55 sec, the 

samples were counted for 195 sec with the germanium detector spectrometer 

system. The counts in the photopeaks corresponding to the 0.975 and 

1.612 MeV gamma rays were computed as described in the Photonuclear Ratios 

section of this chapter. Another endpoint energy was chosen and the pro- 

cedure was repeated until a complete yield curve was obtained. Five 

yield curves were measured in this manner. 

At each endpoint energy in a yield curve, a normalized yield 

(number of reactions per volt) was calculated using Eq. (53). The con- 

stant K of Eq. (53) was obtained from the calibration of the germanium 

detector, from the decay characteristics of  Na, and from an e~"^r (r * 

sample radius) estimate of sample self-absorption. C is the net number 

of photopeak counts due to a particular gamma ray. A mean Y(T) was cal- 

culated based on the two estimates of yield made corresponding to each of 

the gamma rays counted. 

A total yield in the entire energy range of each yield curve was 

determined by summing the individual normalized yields 

TT- I Y (T ) (86) 
T   i-1 n i 

where Y_ is the total yield, Y (T,) is the normalized yield at endpoint 

energy T., and n is the number of points on the yield curve. For each of 

the five yield curves, a total yield Y was obtained. A mean total yield, 

_  .      *                 m •» .-.-.. 
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Y_f was then calculated from all the yield curves 

a 

where Y . Is total yield of the j  yield curve and m Is the total number 

of yield curves, A normalization factor, Y~, was calculated for each 

yield curve by dividing Its total yield Into the mean total yield 

hi " V*TJ <88> 

where Yf. and Y-. are the normalization factor and total yield, respec- 

tively, of the j yield curve. Each normalized yield point of a given 

yield curve was then multiplied by its corresponding normalization factor 

wvw (89) 

where Y .(T.) is the corrected normalized yield point at endpolnt energy 
nj l 

T. in the yield curve j, Yf, is the normalization factor of the yield 

curve j, and Y ..(?.) Is the uncorrected yield point at endpolnt energy ?. 

In the yield curve j. Note that this normalization procedure preserves 

the shape of the yield curve while correcting it for any possible varia- 

tions la experimental conditions from one experiment session to the next. 

The final yield curve was obtained by averaging the corrected yields at 

each endpolnt energy over all yield curves 

Y(T ) -i I  Y (T.) 
n 1   m . j  nj 1 

where Y (T.) is the mean normalized yield at endpolnt energy T. 

(90) 
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27      25 
In order to determine the cross section of the  Al(y,2p) Na 

reaction, reduced yields were calculated from the mean normalized yields. 

These reduced yields were calculated using Eqs. (13) and (15). The total 

energy In the bremsstrahlung spectrum E(T) was obtained from the brems- 

Strahlung computer program. The sample transmission factor f (T) was 

experimentally determined and the monitor response R(T) was obtained from 

27      25 
Reference 56. The  Al(y,2p) Na reaction cross section was obtained with 

the Cook (34) Least Structure computer program from the calculated reduced 

yields and from the bremsstrahlung spectra obtained with the bremsstrah- 

lung computer program (Appendix E). 

'• *• vN -v •** V« V* V"- j *""r\i"*\ '\ • -• - 



CHAPTER IV 

RESULTS 

Photonuclear Ratios 

The production of unique photonuclear yield ratios as a function 

of bremsstrahlung endpolnt energy in a simple manner required that the 

yield of photonuclear reactions induced in element 1 of the sair-'»~ remain 

fairly constant over a certain energy range while the yield of photonuc- 

lear reactions Induced in element 2 of the sample Increase over the seme 

energy range. This requirement was fulfilled by the KosiF6 and teflon 

samples as shown in Figure 17. The yield curves of the figure have been 

ccrmalized so that all could be presented on the same graph. As seen in 

TO Jfi 
T£gttM 17, the  F(Y,n) F reaction yield remains fairly constant while 

the  E(y,ft) * and  C(t»n) C reaction yields increase. The shape of 

the yield curves and their relative placement on the endpolnt energy axis 

follows from shape and location on the photon energy axis of the cross 

sections for the photonuclear reactions contributing to the ratios. These 

are shown in Figure 18 (40,73-77). The  F(y.n)1 F reaction threshold is 

10.4 MeV (78); the cross section peaks at approximately 4 mb at about 12 

MeV (73). The 39K(y,n)38K reaction threshold is 13.1 MeV (78); the cross 

12    11 
section peaks at about 10 mb around 20 MeV (74-76). The  C(y»n) C 

reaction threshold is 18.7 MeV (78); the cross section peaks at about 9 mb 

106 
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15     19     23     27 

ENDPOINT ENERGY (MeV) 

Figure 17. Relative yields of the (f,n) reaction 

In the 19P, 39K, and 12C isotopes. 
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around 24 MeV (40,77). 

Fhotonuclear yield ratios were computed using Eq.  (70)•    Potas- 

sium and fluorine counts used to compute the K2SiF, ratios typically 

ranged from about 4,000 to 11,000 counts.    Figure 19 shows the decay over 

time of a ^SiF, sample exposed to 20 MeV brems Strahlung.    The presence 

38 18 of the shorter-lived     K radioisotope and the longer-lived     F radioiso- 

tope is evident.    Carbon and fluorine counts used to compute the teflon 

ratios typically ranged from about 15,000 to 30,000 counts.    The decay 

over time of a teflon, sample exposed to 25 MeV bremsstrahlung is shown in 

Figure 20.    The presence of the shorter-lived     C and the longer-lived 

F is also apparent. 

Mean photonuclear yield ratios were computed by averaging the 

ratios obtained in experimental runs performed at the same endpoint energy, 

Table 7 shows a breakdown of the number of runs contributing to the mean 

ratio at each endpoint energy.    Runs were repeated a greater number of 

times at endpoint ent -gies in the region where the ratios were changing 

most rapidly.    Fewer runs were performed at energies where the ratios 

were slowly changing. 

The photonuclear yield ratios obtained as a function of brems- 

strahlung endpoint energy are presented in Tables 8 and 9 and are shown 

graphically in Figures 21 and 22.    Evident in Figures 21 and 22 is the 

sensitivity (percent change of ratio per MeV) of the photonuclear yield 

ratios to endpoint energy change.    The maximum sensitivity of the K^SIF. 

ratios is 432 per MeV at 19 MeV.    The maximum sensitivity of the teflon 

ratios is 41Z per MeV at 24 MeV.    Thus, for a given accelerator target 

and amount of filtration, the photonuclear yield ratios are quite good 

--•-•••-    - 
•  •  • 
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Figur« 19. K2SiF sample decay. 
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Figure 20. Teflon »ample decay, 
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Table 7 

Experimental runs used to compute photonuclear ratios 

KjSlPg Ratios Teflon Ratios 

Energy (MeV)    # Runs Energy (MeV)    # Runs 

13          1 20          2 

14          5 21          3 

15          5 22          3 

16          5 23          4 

17          7 24          4 

18          6 25          4 

19          6 26          3 

20          5 27          5 

21          5 28          4 

22          4 29        3   ; 

23          3 30          4 

31          3 

32          3 

m Ull  I u* •Aa fcn • —— 
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Table 8 

K2S1F6 Ratlos 

Endpoint Photon II 

(MeV) Ratio 

1     13 0 

14      ! .029 (.019) 

15 .074 (.006) 

16 .093 (.010) 

17 .151 (.016) 

I     18 .235 (.016) 

19 .306 (.029) 

20 .438 (.013) 

21 .515 (.016) 

22 .641 (.032) 

23 .641 (.016) 

*Ratlos are mean values, numbers in parentheses are standard 

errors of the means. 

•»•»••»*» '»"»•   '>    > w"i7 •"» "" 
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Table 9 

Teflon Ratios  * 

Endpoint Photon II    j 

(MeV) Ratio 

20 0 

21 .002 (.002) 

22 .032 (.004) 

23 .093 (.006) 

24 .172 (.006) 

25 .243 (.004) 

26 .302 (.002) 

27 .354 (.006) 

28 .393 (.008) 

!      29 .460 (.004) 

30 .484 (.006) 

31 |    .514 (.008) 

32 .516 (.010) 

•Ratios are mean values, numbers in parentheses are standard 

errors cf the means. 

g^a^^^ss- i Hi Hi •)• m --'-•" 
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Figure 21. K S±f.  phoConvclear ratios, 
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Figur« 22. Teflon photonuclcar ratlos, 
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indicators of bremsstrahlung endpolnt and hence accelerator energy. 

The photonuclear yield ratios were found to be sensitive to the 

amount of filtration in the bremsstrahlung beam.    When the lead flattening 

filter (2.8 cm thick at center) was inserted in the beam, the ratios were 

found to decrease as shown in Table 10.    As seen in this table,  the per- 

cent reduction increases with Increasing endpolnt energy.    This phenomenon 

has to do with the relative proportion of higher- and lower-energy photons 

in the bremsstrahlung spectrum.    It is a well-known fact that lead filtra- 

tion softens high-energy x-ray beams  (14).    The increase in the relative 

18 number of lower-energy photons increases the relative      F yield.    The 

38 
decreased number of higher-energy photons decreases the relative  K and 

C yields. These result in decreased ratios. In the lower portion of 

the energy range of the K-SiF. and teflon ratio curves, ratios are prac- 

tically unaffected by the addition of the flattening filter. This may 

follow from the fact that in the lower energy range there is very little 

38    11 contribution from the relative  K and  C yields. This would seem to 

indicate that the decrease of rctios with increasing filtration is due 

more to the decrease of higher-energy photon availability than to the 

relative increase of lower-energy photons. This can be substantiated 

since the fluorine threshold is well above the energy for the minimum u 

for Pb. 

The influence of sample size on the teflon photonuclear ratio was 

also investigated. Samples of teflon rod 0.5, 0.75, and 1.0 inch in dia- 

meter were exposed to 25 MeV bremsstrahlung and ratios were computed. The 

resultant ratios were not statistically different (standard deviations 

overlapped) although the larger (1.0-inch-diameter) sample exhibited a 

|_!_ at •   - ' - ' •-,--,-..  . .» .-^.. . •- - . • 
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Tablfc 10 

Effect of Filtration 

on Photonuclear Ratios 

Endpoint 
1 

Reduction of Reduction of 

1  Energy K2SiF6 ratio  | teflon ratio 

17 2X 

!    I* 5.6Z 

21 9.6X 

23 10.7Z 

25 14.0Z 

27 15.3X 

29 15.4 X 

:......_~:^::• JJ- -~- 
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slightly lower  (by 4%)  ratio.    It is very possible that larger sample 

sizes may in fact result in different ratios.    Thick-target bremsstrahlung 

beams contain relatively fewer high-energy photons at larger angles from 

the incident electron direction (51).    The limited increased angle sampled 

in this experiment by the larger teflon rod was not sufficient to estab- 

lish this possible cause, however. 

The presence of possible interference peaks in the vicinity of 

the 0.511 MeV photopeaks used for ratio determination was not observed. 

Thus, photonudear ratios could be measured with confidence using a Nal(Tl) 

detector.    Possible interference from the $    decay of      Cu and      Cu which 

may be produced in the copper present in the aluminum can of the K2S1F, 

62 samples was not noted. The 1.173 and 1.346 MeV gamma rays of  Cu and 

64 Cu, respectively, could not be seen in the spectra. 
•»• 

The Bremsstrahlung Spectrum 

The accuracy of the thick-target bremsstrahlung calculation in 

predicting spectral shape is best illustrated by comparing the results of 

the calculation to experimentally-measured spectra.    Unfortunately, very 

few experimental determinations of bremsstrahlung spectra produced by 

electrons of energies from about 20 to 35 MeV have been reported in the 

literature.    The calculations performed in this work were compared to the 

21 MeV thick-target spectrum measured by O'Dell  (79).    The present calcu- 

lations also are compared to other calculations (51,53) which attempted 

to simulate the O'Dell spectrum.    O'Dell measured the spectra produced in 

2 2 a composite 0.490 g/cm    tungsten - 0.245 g/cm   gold radiator by electrons 

with energies between 5 and 21 MeV.    His experimental method consisted of 

measuring the time of flight of neutrons produced by the    H(y,n)  H reaction 

•'VAV.V.'."-'..-^"!'."..! .:,.•«"-••"-. - -. • . - . • .   ^   . •iii« *• •• 
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in a heavy-water target (79). The highest-energy spectrum was chosen for 

comparison purposes because it was closest to the bremsStrahlung endpoint 

energies of interest in this work. 

Figure 23 compares the result of the monoenergetic endpoint cal- 

culations of this work, indicated by the solid line, to that of Berger 

and Seltzer (51), indicated by the squares. The agreement is quite good 

although the computational procedure of Berger and Seltzer is quite dif- 

ferent from the calculation performed here. Berger and Seltzer's compu- 

tation was basically a Monte Carlo simulation. They used the intrinsic 

bremsStrahlung cross section of Olsen and Maximon at small values of 

screening parameter and the cross section of Sauter at large values of 

screening parameter (51; see also 46). The computation of this work was 

a numerical analysis calculation; the Schiff cross section, differential 

in photon emission angle and energy (20), was used regardless cf"the value 

of screening parameter (the Schiff cross section assumes full screening)• 

Figure 24 compares the monoenergetic endpoint calculation per- 

formed here (solid line) to the calculation of Ferdinande (53), shown by 

the circles. Agreement is good except at the spectrum tip. Ferdinande's 

intrinsic cross section was the extreme relativistic Bethe-Heitler cross 

section integrated over photon emission angle. He approximated the angle 

of photon emission with a Gaussian fit to the calculation of bremsstrah- 

lung mean square angles performed by Stearns (&)}. The increased number 

of photons in the tip of the Ferdinande spectrum may be due to his choice 

of intrinsic cross section. The extreme relativistic Bethe-Heitler cross 

section, with screening and Coulomb corrections, contains a larger number 

of photons in the tip than does the Schiff cross section (81). In the 

T 
»JU. i y "•* •• _- * - ' » * - •••-. • »' - • »: .•»•>-»» 



121 

Figure 23. Comparison of the O'Dell spectrum 

calculated in this work (aolid line) with the spectrum 

of Berger and Seltzer (51). Spectra have been normalized 

at mid-spectrum. 
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Figure 24. Comparison of the O'Dell spectrua 

calculated in this work (solid line) with the spectrum 

of Ferdinande (53). Spectra have been normalized at 

mid-spectrum. 
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case of Ferdinande's work it is not clear, however, why an extreme rela- 

tlvlstlc cross section, assumed valid at very large endpoint energies, 

would be used in the energy range from 5 to 21 MeV. Also unclear is the 

reason for using an integrated-over-angle cross section and an approxi- 

mated angle of photon emission based on calculations performed for 50 to 

300 MeV bremsstrahlung (the Stearns* calculations). 

The spectrum resulting from the calculations performed in this 

work are, finally, compared to the experimental data of O'Dell (79) In 

Figure 25. The solid line represents the monoenergetic endpoint calcula- 

tion, the dotted line represents the calculation with a ±32 energy spread 

(79), and the triangles represent the experimental data of O'Dell. The 

points were obtained at integral MeV photon energies from the smooth 

curve drawn by the authors through their experimental points. The error 

bars shown on selected points were obtained from the same curve. Although 

the present calculation appears to underestimate the mean number of pho- 

tons in the tip, the calculated spectrum is within the error bars of the 

experimental points. The ±3% correction shows a marked improvement over 

the uncorrected calculation. It should be noted that Ferdinande's calcu- 

lation comes closest to estimating the shape of 0'Dell's experimental 

spectrum. However, recall that Ferdinande assumes an extreme relatlvlstlc 

cross section containing more photons in the tip than does the Schiff 

cross section, used here. 

Figure 26 shows the shapes of the flattened (photon I) and unflat- 

tened (photon II) 25 MeV bremsstrahlung beams of the Saglttaire linear 

accelerator as predicted by the thick-target bremsstrahlung calculations 

of this work. The effect of the lead flattening filter (photon I) is 

'r**^"* * 
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Figure 25. Comparison of the O'Dell apectrum 

calculated in thla work (solid line) with the 

experimental data of O'Dell (79). Spectra have 

been normalized at mid-spectrum. The dotted line 

ahows the effect of electron-energy spread. 
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Figure 26. Saglttaire - photon I (flattened) and photon II- 

25 MeV spectre (norsftlised at sid-apcctru=). 
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clearly shown.    The  flattened beam has a lower relative number of high- 

energy photons and a higher relative number of lower-energy photons than 

does the unflattened beam.    It is this "beam softening" effect that is 

the suggested cause of the reduction of photonuclear ratios discussed in 

the previous section. 

Appendix F contains selected calculations of thick-target brems- 

strahlung spectra. The endpoint energies for which the calculated photon 

and energy fluences are shown correspond to the nominal energies of com- 

mercially available high-energy accelerators. These energies are 25, 24, 

22, 20, 18, and 13 MeV. For each energy, both a "monoenergetic endpoint 

spectrum" and a spectrum produced by electrons having a ±2% energy spread 

are shown. 

Electron Multiple-Scattering 

The calculation of thick-target bremsStrahlung spectra required 

prior knowledge of the angular distribution of electrons scattered by 

multiple collisions in the slabs of the target.    A frequently used approxi- 

mation to the electron multiple-scattering distribution is obtained from 

the theory of Möllere (55).    The first term of Moliere's formulation is a 

Gaussian function for which the RMS angle of multiple-scattering is given 

by Eq.  (81a).   Hanson (72) measured the angular distr L  tion of t1ectrons 

scattered in thin foils and found that a renormallzatlon of Moliere's 

first term resulting in a Gaussian with reduced width represented a better 

approximation to his experimental data.    Hanson's renormallzatlon consisted 

of subtracting the number 1.2 from the Moliere parameter "B" [see Eq. 

(81a)].    Similar renormalizations have been performed (82).    The results 

of the measurement of the angular distribution of electron multiple scat- 

rvr-c • - • •* 
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tering in the target of the Sagittaire accelerator demonstrated that 

renormalization of Moliere's first term into a Gaussian with reduced width 

also was required in this experiment. 

The results of the investigation into the multiple-scattering 

distribution of electrons in the Sagittaire target are shown in Figure 27. 

The open triangles represent relative number of  C counts as a function 

of angle from the bremsStrahlung beam central axis. The smooth curve is 

the Gaussian fit to the experimental points. The standard deviation of 

the Gaussian curve [€•   of Eq. (85)] was 4.27 degrees. The effective me as 

angle of multiple-scattering obtained from the bremsstrahlung computer 

program [O• ff of Eq. (85)] was 7.57 degrees resulting in a normalization 

factor F of 1.773. 
n 

The Mollere B is a function of slab thickness. For a slab thick- 

2 * 
ness of .0386 g/cm (slab thickness used in the computer program), B - 

7.35 (67). The RMS angle of multiple-scattering is a function of the 

square root of £. Because the normalization factor was obtained from a 

measurement of angle, it was squared first and then divided into B - 7.35 

to yield a corrected (renormalized) B of 2.34. Thus B was decreased by 

subtracting 5.01 from the tabulated value (67). It should be pointed out 

that, although this renormalization amounts to a substantial correction 

to the Mollere B factor, the renormalization procedure was found to have 

a practically negligible effect on the shape of the bremsstrahlung spectra 

produced in the computer program. The correction was still incorporated, 

however, for the sake of simulating actual experimental conditions as 

closely as possible. 

•-••'-•••-••- •- —                 
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Figure 27. Gaussian fit to the experimental points of the 

measurement of electron multiple scattering \ngle. 

-: '^s* 
•.. - *.». _ i.»—«.- ^ . .-. i.i-J. 



129 

27      25 
The  Al(y>2p) Na Cross Section 

27      25 The measured normalized yield of  Al(y,2p) Na reactions as a 

function of brems Strahlung endpoint energy from 25 to 33 MeV is shown in 

Figure 28. The units on the ordinate are number of reactions per unit 

response of the radiation monitor system in volts. The standard errors 

of the data points are less than the size of the points. The data below 

25 27 MeV show significant scatter because of the absence of  Na counts in 

that region resulting in poor counting statistics. Above 27 MeV the yield 

increases continuously. Several "breaks," changes in the rate of climb 

of yield as a function of increasing endpoint energy, are apparent in the 

yield curve between 27 and about 31 MeV. These breaks occur at approxi- 

mately 27.3 and 30.3 MeV. Some of these breaks have been observed previ- 

ously (7,57), but a determination of cross section has never been made to 

verify if in fact the breaks corresponded to resonances in the cross sec- 

tion. 

27 25 In order to determine the cross section of the     Al(y,2p)    Na 

reaction, the normalized yield data of Figure 28 were converted to reduced 

2 yield (number of reactions per target nucleus per cm   of sample).    This 

was accomplished using Eq.  (15).    The factor E(T) of Eq.  (13) is the total 

energy in the bremsStrahlung spectrum as a function of endpoint energy. 

Because,  for comparison purposes, the reaction cross section was obtained 

using both Schiff integrated-over-angle and thick-target bremsstrahlung 

spectra, both spectra were integrated as a function of endpoint energy 

and simple analytical expressions were fit to the integration results. 

The total energy curves for Schiff and thick-target spectra as a function 

of endpoint energy between 15 and 35 MeV are shown in Figure 29.    The 
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curves were normalized at 25 MeV. As expected, because of the greater 

number of lower-energy photons in the thick-target spectra and their rela- 

tively large contribution to the total spectral energy, the thick-target 

total energy curve increases more rapidly with increasing endpoint energy 

than does the Schiff total energy curve. The reduced yield curve obtained 

using thick-target total energy thus increased more rapidly with increas- 

ing endpoint energy than did the reduced yield curve obtained with Schiff 

opectral total energy. This is shown in Figure 30 where the Schiff 

reduced yield is represented by circles and the thick-target reduced 

yield is represented by triangles. The reduced yields of Figure 30 were 

normalized at 29 MeV. Only data points at half-MeV intervals are shown. 

27      25 
The  Al(y>2p) Na cross section as a function of endpoint energy 

obtained with the Least Structure computer program (36) using thick-target 

bremsstrahlung spectra corrected for the ±2% endpoint energy spread is 

2 
shown in Figure 31. The x (amount of smoothing) applied to the cross 

section from 27 to 33 MeV was 99 when the Lagrangian multiplier (A) was 

—8 
(1.0)10" (see the Analysis ar.d Solution of Photonuclear Yields section 

of Chapter II). Evident from Figure 31 is the structure In the cross sec- 

tion expected from the breaks seen in the normalized yield curve (Fig. 

28). Figure 31 shows cross section resonances at about 27.3 and 30.3 MeV. 

Relative resonance magnitudes are directly related to relative changes In 

slope of the yield curve. The undershoot below 27.0 MeV Is due most prob- 

ably to statistical fluctuations produced by the scatter of measured 

yields in that energy range. 

The absolute magnitude of the cross section was obtained by nor- 

malizing the integrated cross section to that of Aull and Whitehead (21). 

-t.,.*,., - -; .-«., 
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Figure 30. Schiff < o) and thick target (A) reduced 

yields (normalized at 29 MeV). 
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.v 

The Integrated cross section reported by the above authors agreed with 

previous measurements (83). After normalization, the integrated cross 

section from 25 to 32 MeV was 1.6 MeV-mb, and the peak cross section was 

.35 mb at 27.3 MeV. The magnitude of the cross section resonance at 30.3 

MeV was .31 mb. 

27 25 There are differences between the      Al(y,2p)    Na cross section 

obtained here using thick-target bremsStrahlung spectra and the published 

27      25 
Al(y,2p) Na cross section of Aull and Whltehead (21), which is shown 

in Figure 32» One difference is the lack of structure in the Aull and 

Whltehead cross section. The above authors made measurements of yield in 

1.0 MeV intervals from 25 to 36 MeV and in 2.0 MeV intervals from 36 to 

65 MeV. In addition, they smoothed the yield curve before analyzing it 

for cross section determination. Finally, the cross section itself was 

smoothed, as illustrated in Figure 32 by the difference between the smooth 

curve and the points. The smoothing procedures, in combination with the 

lack of resolution resulting from yield measurements at only integral MeV 

values from 25 to 36 MeV, may account for the lack of structure in that 

energy range. In the present work, yield measurements were made in 0.25 

MeV increments and no smoothing was applied to the yield curve. The 

Increased resolution of the present measurements and the use of least 

Structure to analyse the data (requiring no yield smoothing) permitted a 

more detailed examination of possible structure j.n the cross section. 

Other differences between the cross section reported here and 

that of Aull and Whltehead are the location of the peak cross section and 

the cross section trend with increasing endpoint energy. The above 

authors' cross section increased constantly with increasing endpoint 
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energy and peaked at 32.0 MeV (21). The cross section reported here peaked 

at about 27.3 MeV, contained a resonance at 30.3 MeV, and thereon had an 

essentially downward trend with increasing endpoint energy. It is suspec- 

ted that the difference in peak cross section location is due to the dif- 

ferent bremsstrahlung spectra used for cross section determination. Aull 

and Whitehead analyzed their data using Penfold and Leiss matrices (34) 

which were obtained from thin-target (Schiff) bremsstrahlung spectra even 

2 though they report a target thickness of  .98 g/cm   tungsten.    The cross 

section reported here was obtained using thick-target bremsstrahlung 

27      25 
spectra. The  Al(Y,2p) Na yield curve measured in this work was also 

analyzed using Schiff spectra to demonstrate the dramatic effect of brems- 

strahlung spectral shape on the resultant cross section. 

The cross section as a function of endpoint energy obtained by 

- 27      25 anal' sing the  Al(y,2p) Na yield curve measured in this study utilizing 

2 
Schiff spectra is shown in Figure 33. The x applied to the cross section 

-12 
from 27 to 33 MeV was 58 when X - (1.0)10  . The cross section now peaked 

around 32.5 MeV. This result is in agreement with that of Aull and White- 

head (21), who obtained a peak cross section at 32.0 MeV. The differences 

in the two cross sections obtained from the same yield data using both 

thin- and thick-target bremsstrahlung spectra can be due only to differ- 

ences in thin- and thick-target spectral shapes. 

Figure 34 shows the Schiff and thick-target 30 MeV spectra used 

27       25 
in the Least Structure program to produce the  Al(Y,2p) Na thin- (Schiff) 

and thick-target cross sections. The curves have been normalized at 27.375 

MeV. Note the much larger proportion of lower-energy photons in the thick- 

target spectrum as compared to the relatively constant number of low-energy 

• •••' i '• ^"^—•  

^^^jJX—I——I—J_l_J—J_i_lJJLi_i_l_B f • til i~ ' ~ ' ~ *~ * -•-"••-*••• --» - «•-•--"-:- '- •«•• - •*••**'  *- ^ - 



••.'•r
zz

^j
vT

m
.m

j 
'"'

  
 '
"a

g
^
M

»
! 

*l
V

J
«

&
   *

l •
'*

 *.
'» 

\<
 •

" 
T

F 

S
 

• 

CO
   

  i
 

§ s 
J 

00
 

26
   

   
27

   
   

  2
8 

   
   

 2
9 

   
   

 3
0 

E
N

D
PO

IN
T
 

EN
ER

G
Y
  

(M
eV

) 

r
  

  
' —

  
i 

31
   

   
32

 

F
i
g
u
r
e
 
33

. 
T
h
e
 
2
7
A
l
(
f
\
2
p
)
2
5
N
a
 c
r
o
s
s
 
s
e
c
t
i
o
n
 

o
b
t
a
i
n
e
d
 
tr

lt
h 
S
c
h
i
f
f
 
b
r
e
a
s
s
t
r
a
h
l
u
n
g
 
s
p
e
c
t
r
a
.
 



139 

Figure 34. 30 MeV Schiff and thick-target spectra 

used in the cross section analyses. 
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photons in the Schiff spectrum. In an analysis of photonuclear yield to 

produce a cross section, this characteristic shape of the thick-target 

spectrum will have a profound effect on the resultant cross section. At 

a given endpolnt energy, the number of photonuclear reactions induced in 

a sample are produced by all photons in the spectrum of energy exceeding 

the threshold energy of the reaction. In the case of thick-target brems- 

strahlung, because of the large proportion of lower-energy photons, more 

reactions are produced by photons in the low«r energy range than are pro- 

duced by photons near the tip of the spectrum (assuming the cross section 

does not change appreciably over the same energy range). This fact was 

verified by examining the resolution function of the thick-target 

27      25 
Al(y,2p) 'Na cross section and noting the influence of lower energies 

on cross sections at higher energies. Thus, for a given photonuclear 

reaction, yields produced by thick-target brems Strahlung increase more 

rapidly with Increasing endpolnt energy than will yields produced by thin- 

target (Schiff) bremsstrahlung. If a yield curve produced with thick- 

target bremsStrahlung is analyzed for cross section using Schiff spectra, 

the resultant cross section will show a continuous increase with increas- 

ing endpolnt energy. This is due to the combined effect of: 1) an 

Increased availability of photons possessing energies that exceed the 

threshold energy of the reaction thus resulting in a more rapidly increas- 

ing yield, and 2) the lack of a proportionately larger number of low- 

energy photons in the bremsstrahlung spectrum used to analyze the yield. 

The aforementioned effect is responsible for the cross section 

shown in Figure 33. The cross section continuously increases because of 

the increased yields produced by lower-energy photons in the thick-target 
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bremsstrahlung used to produce the yields. The good agreement between 

the thin-target cross section obtained here and the Aull and Whltehead 

cross section seems to suggest that the above authors may have made an 

unfortunate choice of bremsstrahlung spectrum In their analysis. Aull 

and Whltehead Irradiated their aluminum samples with bremsstrahlung pro- 

2 
duced In a 0.98 g/cm   tungsten target (21) and analyzed their yield curve 

using Schiff spectra. The choice seems inappropriate, particularly In 

view of the relatively good agreement of the thick-target calculations 

performed in this work with the data of O'Dell (79) which was obtained 
2 

with a target of less thickness (0.735 g/cm ). 
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CHAPTER V 

CONCLUSIONS 

Photonuclear Ratios 

Photonuclear reactions are particularly well-suited for the study 

of high-energy bremsstrahlung spectra. Their aptness as a research tool 

for this type investigation is afforded by virtue of the dependence of 

photonuclear-reaction cross sections on photon energy. Photonuclear-reac- 

tion thresholds and cross-section resonances have been used in the energy 

calibration of linear accelerators (6-8) and in the determination of thin- 

target x-ray spectra (5). Ratios of photonuclear yields in select mater- 

ials have been used as indices of thin-target x-ray quality (9,10). The 

research reported here utilized photonuclear reactions to study the dis- 

tribution in energy of photons in thick-target x-ray spectra and the effect 

of spectral shape on photonuclear yield measurements and cross section 

determinations. 

Photonuclear yield ratios in K SiF and in teflon have been 

obtained which serve as Indices of thick-target bremsstrahlung quality in 

the energy range from about 14 to 30 MeV. Many commercially available 

linear accelerators possess nominal energies in this range, with endpoint 

energies of 15, 18, 20, 22, 24, and 25 MeV being most common. Photonuclear 
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ratlos published previously (9,10) were obtained from essentially thin- 

target x rays and failed to provide unique indices from 15 to 25 MeV. 

Ratios in K-S1F, demonstrated a sensitivity (percent change of ratio per 

MeV) of about 26% at 15, 31% at 18, and 17% at 20 MeV. Ratios in teflon 

had sensitivities of about 75% at 22, 41% at 24, and 27% at 25 MeV. 

The ratios obtained here, and hence the reported sensitivities 

as a function of endpoint energy change, apply in a strict sense only to 

lightly-filtered (2.7 mm Pb) thick-target (4 mm W) bremsstrahlung produced 

by electrons possessing an energy spread of ±2% of the mean kinetic energy. 

The insertion of a thicker flattening filter (2.8 cm Pb), on the other 

hand, reduced the ratios by only approximately 15% in the worst case (29 

MeV teflon ratio). The effect of different target thicknesses on ratio 

sensitivity could not be investigated. Nath and Schulz (9), however, 

65  89 * 
report only a 10% decrease of their  Cu/ Y ratio at 30 MeV when the 

target thickness was increased from about .35 to 2.2 radiation lengths. 

Different initial electron-energy distributions also could affect the 

reported magnitudes; and sensitivities of the ratios. The result of elec- 

tron-energy spread on the bremsstrahlung spectrum seems to be a net 

increase in the number of photons comprising the spectrum tip. Thus, it 

is suspected that an increased electron-energy spread may Increase the 

magnitude of the ratio at the mean endpoint energy. On the other hand, 

ratio sensitivity should not be appreciably affected. 

Because ratios in K0SiF, and teflon are independent of the mass 

of the sample, the flux of photons and the efficiency of the counting 

system, they should be extremely useful to medical physicists seeking to 

augment their accelerator quality control program with a simple yet sen- 
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sltive index of x-ray quality. The absence of strong lines in the vici- 

nity of the .511 MeV photopeak suggests that a Nal(Tl) counting system 

could be used in lieu of a semiconductor system, provided that background 

corrections are made in a careful and reproducible manner. 

The Bremsstrahlung Spectrum 

The review of the photonuclear literature which was conducted in 

preparation for this work conveyed the fact that thick-target bremsstrah- 

lung specera had never before been utilized in the analysis of photonuclear 

yields for cross-section determination. To this purpose a computer program 

was developed which consisted of a numerical-analysis Cc Iculation of thick- 

target bremsstrahlung spectra. The omputer program was capable of calcu- 

lating spectra at any endpolnt energy from 10 to 35 MeV from targets of 

essentially any thickness and atomic number. Provisions were made to 

include the effects of endpoint-energy spread. Electron-energy spread has 

never been incorporated before into calculations of this type. The program 

was checked by comparing the results of a simulation made of the 21 MeV 

thick-target spectrum of O'Dell (79) with his experimental measurements 

and with the results of other calculations (51,53). In general, the 

results of the simulation compared quite favorably with the published 

measurements and calculations, particularly when electron-energy spread 

was considered. The largest discrepancies occurred at the high-energy end 

(tip) of the spectrum. The reasons for the discrepancies are: the inabil- 

ity of Born approximation calculations to characterize the spectrum tip, 

the unavailability of calculations appropriate for spectra of energies 

less than about 30-50 MeV that do not incorporate the Born approximation, 

and the extreme experimental difficulties of measuring precisely the tip 
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of bremsstrahlung spectra. Even to this day, further theoretical and 

experimental research is needed badly in this area. 

The 27Al(Y,2p)25Na Cross Section 

27      25 
The  Al(y,2p) Na cross section reported here was obtained from 

measurements of yield made at 0.25 MeV increments from 25 to 33 MeV. This 

cross section had never been calculated with such energy resolution. The 

increased resolution of this experiment allowed inspection of possible 

structure in the cross section. The cross section of Figure 31 shows two 

resonances, one at 27.3 MeV and one at 30.3 MeV. This structure is unique, 

possibly indicating the existence of states at these high energies. 

Absorption by 2 ftu single-particle-like transitions from deep-lying shells 

may be responsible for the cross section at these energies (43). Transi- 

tions from lp and Is shell states may be important in the absorption of 

27 
photons above 20 MeV in nuclei such as  Al. 
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The starting point in the understanding of nuclear structure is 

the Schrodinger equation which is (84,85) 

where 

(Al) 
2 

^- V2f + Vf - i* || 

4L - h/2ir ; h • Planck's constant 

• s rest mass of particle 

,W , a2 , a2 v
 -33F + IF + IP" 

f - wave function of particle 

V - potential energy of particle 

i - <-«* . 

If the potential energy is independent of time» we can separate space and 

time variables (a technique for solving certain diffe.sntial equations 

which is used frequently) by setting 

¥ - *(x,y,i,K(t) <A2) 

where $(x,y,z) and c(t) are functions exclusively of space and of time 

variables, respectively. Substituting Eq. (A2) into Eq. (Al) and dividing 

by f C yields 

-ft2 ?2i ^ « ** *£_ — — . — — +• V •* —— —•*• * 
1ST •     c dc (A3) 

Since the left-hand side of this equation depends only on space variables 

and the right-hand side only on time, the equation cannot be satisfied 

for all point8 in space at all times unless each side is equal to the 

same constant.    Call this "separation constant" the total energy of the 

."V s* v -/ v v v v N" v s* *.* •-* v *-' 
• Ulli. Mia-    Hi I    hi  I    -.. ii    —  • -       ' »M   —       ft. 
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system, E. The right-hand side of Eq. (A3) is readily solvable yielding 

solutions 

5 - exp[-i(E/ft)t] (A4) 

where, for convenience, the constant of integration has been set equal to 

unity. The left-hand side of Eq. (A3) can be written (after rearranging) 

as 

-«2  9 
(A5) 

This equation is the time-independent Schrodinger equation, an equation 

which will be referred to often in this ««'-tion. 

The basic assumption for any shell model is that despite the 

strong overall interaction between nucleons which provides the binding 

energy of the nucleus, the motion of each nucleon is practically" Indepen- 

dent of that of any other nucleon. Each nucleon is then assumed to move 

in and under the influence of the same potential, under this assumption, 

the model Is known as the single-particle or independent-particle shell 

model. In the simplest case, the potential is assumed to be spherically 

symmetric in nature. Under this condition, Schrodinger's time-indepen- 

dent equation, Eq. (A5), may be expressed in spherical coordinates (Fig. 

Al) r, *, •, as (86,87) 

1 3 (r jj£)    1  ajalaO 3£) 
7 3r   3r   r*siufr 3* 39- 

+ rW^ + l(E-V(r))*"0 (A6) 

where now 4» - \|;(r,e,$) and the potential V(r) is a function of r exclu- 

sively. 

-•' -• -'- -• 
*MM» 
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Equation (A6) may be readily separated into three independent 

equations, each involving only one coordinate 

lKr,*,4>) - R(r>6<e)ft(t) (A7) 

where'R, «Oi, and • depend only on r, O, and <j> respectively, Carrying out 

the separation and defining separation constants au , £(£ + 1), where 

m^ and I are to be defined shortly, yields three differential equations 

each a function of a single variable (67) 

££ + m^2* - 0 (A8) 

^_djsin«   .    |Ul+1) ' ml   1 

sinO- do- c£ Sin2* «i-O (A9) 

rTdr" »•[#•- 1 d (r2dR)   I 2m ,_  M/ x.  £(£+!) 
V(r)) - (A10) 

The solution of Eq. (A8) along with the condition that * must be 

single-valued at a given point in space results in the condition that m» 

be either 0 or a negative or positive integer. Equation (A9) has a 

rather complicated solution in terms of associated Legendre functions 

which exist only when the constant I  is an integer equal to or greater 

than the absolute value of m.. The above requirements can be expressed 

as conditions on m« such that 

m. - -£, -£ + 1, ... ,0, ...,*- 1, I (All) 

and on I such that 

£- 0, 1, 2, 3, ... . (A12) 

l^ifcafrjafei^rfi •'   •'   *'   - - -"   ------»-•--•-»-• * -••«'»'-»- 
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The constants nu and t  are known as the magnetic quantum number 

and the orbital quantum number, respectively. Quantum numbers describe 

the "state" of a nucleon. Similarly to atomic physics, for I « 0, 1, 2, 

3, H,  5 the spectroscopic notation s, p, d, f, g, h is used. From Eq. 

(All) it is evident that for a given orbital quantum number •£, the mag- 

netic quantum number, m», may take on one of the 2l + 1 values. These 

values correspond to the It + 1 possible orientations of the angular 

momentum vector of a nucleon when in the presence of a magnetic field. 

A p-state {I • 1) nucleon, for example, may have any one of three magnetic 

sublevels: m. • -1, 0, or 1. A third quantum number, commonly denoted 

by m or 8, has been called the intrinsic spin. It describes the dlrec- 
8 

tion of the nucleon's spin and may take on the values m • Jj or m - -h» 
V 8 

The radial wave equation, Eq. (A10), can be transformed into a 

form which is analogous to a simple one-dimensional wave equation (86) • 

To accomplish this, the so-called modified radial wave function, x(r)> 

defined by 

X(r) - rR(r) (A13) 

Is substituted into Eq. (A10). The radial wave equation then becomes 

simply (after rearranging) 

[#£-*) +^^]x-EX <"*> 
Solution of this equation requires knowledge of the exact shape of the 

potential function V(r). 

The radial shape of the nuclear field is well-known from scat- 

tering experiments, but its use in Eq. (A14) makes the solution of the 

• i- •.• -.- -.- -. -j^^^j^j^j^^^^^^ •-•-••-••' •-»• 
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»3 

Schrodinger wave equation extremely complicated. Therefore, simpler forms 

of the potential, V(r), commonly are used. The choice of the potential 

form is restricted by two rather stringent conditions (88): 

1. Since V(r) represents the actions of the other nucleons and 

the nucleon density at the point r • 0 is not essentially different from 

that at any other place inside the nucleus, V(r) at r * 0 is not expected 

to be singular. Furthermore, since V(r) is spherically Symmetrie, 

[¥\ (A15) 
r-0 

2. The potential must go to zero rather abruptly at the nuclear 

surface, that is when r approaches the nuclear radius 

[¥»] > "I" for r •*• R . - (A16) 

There are two well-known potentials that satisfy those conditions: the 

square well and the harmonic oscillator potentials. 

The square well potential has the form 

V(r) - 

-V r < R 

r > R 

(A17) 

The shape of the square well potential is presented in Figure A2a.    A 

solution to Eq.   (A14) when V(r)  is given by Eq.   (A17)  is sought;  that is, 

"A2 <**       v   * **L 
25" HF*" " Vo +       ! 

+ l)ft21 
£r^—Jx"Ex   • (A18) 

When I * 0  (s states),  the problem reduces to that of a particle in a box 

^fe tm --•-*-- 
*.t llllltt 
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of sides R and potential within of -V • The energy eigenvalues which 

result are given by 

n TTTS 
no "Vo+~2mRZ (A19) 

where n, the radial quantum number, is the number of nodes of Eq. (A13). 

When I > 0, the situation is more complicated. Solutions are given by a 

set of functions known as spherical Bessel functions of order I  (89,90) 

J^(kr) - (-1) (^ (FZF) -,— (A20) 

where the J»(kr) are the spherical Bessel functions of order I  and the 

constant k is given by 

k2 - 2nE/tt2 ^ (A21) 

The energy levels resulting from Eqs. (A19-A21) are shown in 

Figure A3a. Each level is 2(2l + 1) orientationally degenerate. The 

numbers in parentheses above each energy level of Figure A3a correspond 

to the accumulated total of nucleons resulting in subshell closures up 

to that level. These are 2, 8, 18, 20, 34, 40, 38, etc. and, with the 

exception of 2, 8, and 20, do not correspond to the experimentally 

obtained "magic numbers" 2, 8, 20, 28, 50, 82, and 126, corresponding to 

the number of protons or neutrons in the nuclei of particularly stable 

elements. 

The harmonic oscillator potential has the form 

V(r) 

-Vo(l - (r/OJ r < R 

r > R 

(A22) 

:•.••.••»--._:..•..•..•*...-. •.»•..-•^ ^-^ -? 
• - *- *__ 
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Figure A3. Energy levels due to an infinite square well 

(a) and a harmonic oscillator (b) potential. 
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The shape of the harmonic oscillator potential is shown in Figure A2b. 

Solutions (91) of the radial wave equation [Eq. (A14)], when the poten- 

tial is given by Eq. (A22) 

result in energy eigenvalues given by (88) 

E^ - [2(n - 1) + £]no> + 2%L - V0 (A24) 

where 

u - <2Vo/mr
2)* (A25) 

The energy levels resulting from Eqs. (A24-A25) are depicted in 

Figure A3b. Note that in addition to the 2(2l + 1) orientational degen- 

eracy, except for the first two levels, this level scheme has "accidental" 

degeneracy between levels of different n and I.    Note also that after the 

first two levels, each subsequent oscillator shell begins with Z  larger 

by one unit and contains all t values of the same parity (a symmetry 

operator having to do with wave function evenness/oddness) down to the 

lowest one. As in Figure A3a, the numbers in parentheses (2, 8, 20, 40, 

70, 112) represent the total occupation number of all lower levels up to 

the one under consideration (inclusive). With the exception of the first 

three occupation numbers (2, 8, 20), again the magic numbers (2, 8» 20, 

28, 50, 82, 126) are not reproduced. 

So far the classification of levels has been based only on the 

orbital momentum quantum number £, under the assumption that spin-orbit 

•VA^,:/^:-,.^.| | -, ,•-... -  , 
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interactions play only an unimportant role.    This is so in the atomic 

case, where this interaction causes only a slight splitting of the levels 

j • t t % which is small compared to the distance between levels of dif- 

ferent I.    In the nuclear realm, however, experimental evidence has 

revealed the presence of a strong interaction between orbital angular 

momentum and intrinsic spin angular momentum which may cause a rather 

large splitting of energy levels that may no longer be insignificant when 

compared to the distances between levels of different I. 

A spin-orbit coupling model has been suggested in which there is 

a strong spin-orbit interaction, proportional to L*S, in addition to the 

potential V(r)# acting on a nucleon in the nucleus.    The magnitude of 

this spin-orbit interaction depends on, in addition to the magnitude of 

the orbital angular momentum vector, the relative orientation of the spin 

and the orbital angular momentum vectors.    The spin-orbit interaction in 

this case (in contrast to the atomic case) is inverted, which means that 

a nucleon in a j - I + h state has less energy than a nucleon in a j - 

L - h state.    Since the energy of a level depends strongly on the align- 

ment of spin and orbit, it is no longer justifiable to characterize a 

level simply by its I value.    The total angular momentum j must be speci- 

fied also. 

The level sequence, a harmonic oscillator potential  [Eq.   (A22)] 

E   difled by strong spin-orbit coupling,  is shown in Figure A4  (88). 

Owing to the spin-orbit coupling, the nuclear shells are not the same as 

the oscillator shells.    It is seen that in the three lowest oscillator 

levels groups  (Is, lp, 2sId)   the grouping is not appreciably changed. 

Hence,  the lower shell occupation numbers  (2, 8,  20)  are not affected by 

^^BAi4-tal4Bi-im^t^aämimimät^mm_m _fcjii_a_i   •-•'•'*   '   -—' •-••--' » • «-• •»-••»- -- «-^ 
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the spin-orbit splitting.    However, the level If7/2 of the next oscillator 

level group is appreciably lowered and is brought into Isolation from the 

other levels which indicates shell closure at occupation number 28.    Still 

more drastically, the lg9/2 level from the 4fuo oscillator group is brought 

down close to the preceding oscillator group producing a wide gap after 

occupation number 50.    Here the spin-orbit splitting clearly becomes the 

dominant feature in the level arrangement.    Thus, the spin-orbit coupling 

reproduces all magic numbers exactly as can be evidenced from Figure A4. 

Although the spin-orbit shell model of nuclear structure pro- 

vides a sound explanation for many nuclear phenomena which are experimen- 

tally observed, the simple model given above is not sufficient.    For 

example, the model cannot explain why any even number of identical nuc- 

leons couples to zero ground state spin.    Evidently there must be a 

nucleon-nucleon interaction which favors the pairing of nucleons" with 

opposing angular momenta.   An attractive interaction between nucleons 

must therefore be added to the slngle-nucleon spin-orb jit Interaction, 

which gives rise to a pairing energy.    From theoretical considerations, 

it appears likely that the magnitude of the pairing energy increases with 

the t value of the pair and that for this reason the high-spin states 

predicted by the spin-orbit model are not found in odd-A ground state 

spins (85). 

Another feature not included in the simple shell model is the 

distorting effect of the outermost nucleons on the other nucleons in a 

nucleus.    Suppose a single nudeon is added to a closed shell nucleus. 

This nudeon will usually have a high I value and therefore its vave 

function will peak close to the nuclear radius.    In terms of a classical 

..-.v.-..., v.-^ ^'^•'^^•-'-•- y üy • -ü- • - - -• -• - 
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picture the nucleon circles around a closed shell nuclear core. The 

attraction between the nucleon and the core distorts the core. If more 

nucleons are added outside of the core, a point will be reached when it 

is permanently deformed with an accompanying effect on the orbits. The 

deformation may result in a nucleus of ellipsoidal shape. A quantum- 

mechanical body which has an axis of symmetry such as an ellipsoid of 

revolution can undergo rotations about an axis perpendicular to the sym- 

metry axis. The energy spectrum of such a "rotator" is quite character- 

istic (85). There ire many cases of even-even nuclei in which this spec- 

trum has been found. This leads to the conclusion that deformed nuclei 

indeed exist. 

In any finite potential well there are bound energy levels, 

corresponding to states of energy E < 0 [assuming V(r •+ *) - 0], and 

unbound or virtual levels of states of energy E > 0. Virtual states 

result from the fact that the deBroglle wave of a nucleon is reflected at 

the edge of the potential well even though its total energy may exceed 

the potential energy in the well. Thus, approximately-standing waves are 

formed within the potential well, the amplitude of the wave function can 

be very large within the well, and a virtual state occurs. A nucleon 

may vacate a virtual state after some mean life x, causing it to have a 

width for particle emission r given by 

r -*/T (A26) 

A virtual state may also decay to a lower state by gamma-ray emission. 

Bound levels, on the other hand, may decay only by gamma emission. 

According to the single particle shell model, a given nucleus 
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(Z,N) consists of Z protons and N neutrons each placed Into bound levels 

of Increasing energy In accordance with the Pauli exclusion principle. 

In the ground state of the nucleus 9  all nucleous are in their lowest 

energy states. The simplest excited states of the nucleus are formed by 

raising the outermost nucleon to a higher state. The corresponding exci- 

tation spectrum of the nucleus is called the single particle level spec- 

trum with levels as shown in Figure A4. However, upon inspection of 

actual level spectra, many more levels than expected from the single- 

particle spectrum are observed. Present theories indicate that the single- 

particle spectrum is actually "dissolved" among many levels each of which 

consists of complicated excitations of more than one particle (85). 

••••V..,.V.V..... U, • i itiliiil i . .- » ... A..1., 
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APPENDIX B 

Transitions Between Quantum Mechanical States 
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In the quantum mechanical treatment used to explain nuclear 

structure (Appendix A), the simplifying assumption that the potential 

energy term, V, of the Schrodinger equation was constant in time was made. 

This assumption was necessary to allow separation of the complete equation 

into time-dependent and time-independent equations. Use was made of the 

time-independent equation, Eq. (A5), and time-invariant expressions for 

nuclear potentials to obtain energy states that were necessarily constant 

in time. No explanations concerning transitions of any kind from one 

8täte to another were provided. In order to describe transitions and 

allowed states, quantum mechanical perturbation theory is employed. 

The cases in which the Schrodinger equation, Eq. (Al), can be 

solved exactly are extremely rare. Perturbation theory is th? most impor- 

tant method for obtaining approximate solutions to Schrodingerfs equation. 

The method is applicable to any situation in which the Uamiltonian H (see 

below) describing the system under consideration is not much different 

from the Hamiltonian H , describing some similar system simple enough so 

that solutions to the Schrodinger equation are known exactly (89). 

The Hamiltonian, or total energy operator, H given by 

H - jg- 72 + V (Bl) 

is simply the operator on the left-hand side of Eq. (Al). When a system 

is perturbed (such as in the emission or absorption of electromagnetic 

radiation), its total Hamiltonian, H, is affected and 

H - H + Hf (32) 
o 

where H is that part of the Hamiltonian that permits calculation of the 



170 

properties of the allowed states of the system and H1 is the effect of 

the perturbation on the Hamiltonian. 

The operator H* may be thought of as "Inducing transitions from 

one allowed state to another* (84). If the initial state of the system 

(prior to transition) is labeled iK and the final state of the system 

(after the transition) is labeled iju, then a measure of how much the wave 

function H1^. is like the wave function 4»f is given by the overlap inte- 

gral 

M « (*t\*'*±y - / *£*H,*idT (B3) 

where di is an element of volume and the integral is over all space. The 

quantity M is called the "transition matrix element." The matrix element 

is an Important quantity since its square is proportional to the prob- 

ability that the perturbation will transform the state described by $. to 

the 8täte described by \|> . The matrix element contains the wave functions 

of the states between which the transition occurs. It is therefore the 

quantity that determines the effect of the spins» parities, and detailed 

structures of the two states on the transition probability. 

To calculate the probability for a transition, an expression for 

Hv is needed. H' is the energy of the interaction between the electric 

and magnetic fields associated with the incoming photon and those associ- 

ated with the target nucleus. These electric and magnetic fields may be 

expressed as an expansion in terms of their component electric and mag- 

netic multipole8. This expansion may be better illustrated by reference 

to Figure Bl. The electrostatic potential V et the point P due to a pro- 

ton of charge e at the point (r,£) is (84) 
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NUCLEAR SURFACE 

CM - Nuclear center 
of mass 

d - (D2 - 2Drcos# + r2)1* 

Figure Bl. Definition of quantities relevant to 

the discussion of nuclear electric multlpoles. 
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V - j— */ [ü[l - (2r/d)cos9- + r2/D2]*]   . (B4) 
o 

This equation Is usually expressed in terms of the Legendre polynomials 

P (cosO) using the identity 

L    (y)? <«*•*> - l/U - (2r/D)cos*+ rV]1* (B5) 
n-0   U/  n 

in which case the expression for V becomes 

1 e 

*5t » 
|  I gj Pn(cos^)] . (B6) 

This equation is the electric multlpole expansion. To calculate the poten- 

tial at P due to $~.J. protons in the nucleus, it is necessary to sum the 

potential at P due to each separately. After summing the potential at P 

due to all Z protons In a nucleus, the first term of Eq. (B6) becomes 

Ze/D, the electrostatic potential that would result by a total charge Ze 

located at the nuclear center of mass. The second term of the expansion 

becomes proportional to 

Z 2 

L   ercosO- - L ez , (B7) 
1 1 

This quantity is the electric dlpole moment. The third term of the expan- 

sion gives the electric quadrupole moment, the fourth the electric octu- 

pole, and so on. A similar expansion can be made for the magnetic multi- 

poles. 

For each term of the multlpole expansion of H', a matrix element 
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can be calculated such that the square of its absolute value is propor- 

tional to the probability that the transition occurred by interaction of 

the photon field with that particular electric or magnetic multipole 

moment of the nuclear field. The total probability of a transition per 

unit time depends on the squares of the values of all the electric and 

magnetic multipole transition matrix elements between the initial and 

final nuclear states. 

There are certain simple rules that determine which matrix 

elements may contribute to the transition in the particular case. The 

electric L-pole (EL) matrix elements and the magnetic L-pole (ML) matrix 

elements are always zero unless the spins of the initial and final states 

differ vectorially by L units of angular momentum. In other words, elec- 

tric dipole (El) or magnetic dipole (Ml) transitions may occur only 

between states of spin differing by one unit of angular momentum, quad- 

rupole transitions (E2 and M2) may occur only between states diffiring by 

two units of angular momentum, etc. Thus, if J and J~ represents the 

spins of the Initial and final states, respectively, and 2 indicates the 

pole order (L - 1, dipole; L - 2, quadrupole; L - 3, octupole; and so on), 

the first transition "selection rule" is 

[Ji " Jf] - L - Ji * Jf • (B8) 

The second transition selection rule is that of conservation of 

parity. An electric multipole has even parity when L is even and odd 

parity when L is odd. Magnetic multipole radiation has odd parity when 

L is even and even parity when L is odd. In general, parity of electric 

multipoles is IT • (-1) , and parity for magnetic multipoles is ir - -(-1) 

•"/;••••; 4 
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where +1 means even parity and -1 means odd parity (92). If the parity 

of the initial state is denoted by TT. and the parity of the final state 

is given by trf, then if a particular radiation multipole has a parity 

change ir . conservation of parity would require that 

This is the second transition selection rule. Transitions are forbidden 

between two levels which both have spin zero. Table Bl (92) summarizes 

the transition selection rules. 

The transition rate, X , between an initial and a final state 

is given by "Fermi's Golden Rule #2" 

*if-£w2if • <»"» 

In this expression M is the transition matrix element and dN/dE is the 

number of final states per unit energy. Blatt and Welsskopf (93) have 

estimated electric multipole and magnetic multipole transition rates 

(X-. and X.~) based on the independent particle shell model of the nucleus. 

The expressions they obtained are (85,92) 

»B. -2• rs (if (B11) 

and 

2 

So."10 (b)XEL (»12> 

where u is the radiation frequency, e is the electron charge, R is a 

linear dimension characterizing nuclear size, X is the radiation's reduced 
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Table Bl 

Transition Selection Rules 

Classification Symbol Change in Angular 

Momentum 

Parity Change 

Electric dipole El 1 Yes 

Magnetic dipole Ml 1 Mo 

Electric quadrupole E2 2 No 

Magnetic quadrupole M2 2 Yes 

Electric octupole E3 3 Yes ' 

Magnetic octupole M3 3 No 

Electric 2 - pole EL L No CL even) 
Yes (L odd) 

Magnetic 2 - pole ML L Yes (L even) 
No (L odd) 

~~r 
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wavelength (tf * X/2ir), c is the velocity of light, M is the nucleon mass 

and S is a statistical factor that depends on L and is shown in Table B2 

(92). 

Inspection of Eqs. (B11,B12) reveals the relative proportions 

each multipole may contribute to a given transition. In general, the 

transition rate of the multlpole of lowest order usually exceeds that of 

2     4 
all the other multipoles by a factor of at least 10 to 10 (85). Addi- 

tionally, for a given value of L, electric multipole radiation is more 

probable than magnetic multipole radiation by a factor of approximately 

4.4A2/3 (92). 

^ 

^M«yKHHrt^i 
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Table B2 

Values of the statistical factor S 

aa a function of multipole order L. 

L S 

(2.5) 10"1 

(4.8) l(f3 

(6.3) l(f5 

(5.3) 10~7 

(3.1) l<f9 

•I I' I" — 

T 
'•• 'I' L • 
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APPENDIX C 

Principles of Electron Linear Accelerator Operation 
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The linear accelerator used in this study was a Sagittalre/Therac 

40 electron linear accelerator manufactured by CGR-MeV in France (94). 

This accelerator is a disk-loaded, traveling-wave clinical machine. The 

description presented in this Appendix pertains to traveling-wave accel- 

erators like the Sagittal re. The discussion, however, has been kept of 

sufficient generality to apply to any traveling-wave clinical machine. 

An electron linear accelerator is a device that accelerates elec- 

trons by virtue of an axial electric field. When the energy at Injection 

is negligible, the final electron kinetic energy obtained Is  given by 

Tft - J     (eEz-dl) (Cl) 

where T • electron kinetic energy, e • electron charge, E • axial elec- 

tric field, dl - increment In length, and L - accelerating tube length. 

The required axial electric field is provided by electromagnetic waves of 

microwave frequency, commonly 3003 MHz. 

Evolution of the.modern electron linear accelerator has been made 

possible by the development of high-power radiofrequency generators and 

specially designed microwave cavities and waveguides. Because of the 

Important role of microwave technology in linear accelerators, a descrip- 

tion of microwave cavities, waveguides, and power sources will be provided 

in the succeeding paragraphs (95-97). Also Included is a discussion of 

the principles of electron acceleration by microwaves with particular 

emphasis placed on traveling -wave high-energy electron linear accelera- 

tors. Components characteristic of medical accelerators also will be 

described. 

—•* 
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Microwave cavities and guides support certain specific electro- 

magnetic wave configurations and are used in microwave power generation, 

microwave transport, and for electron acceleration. Energetic electrons 

can generate microwave power by exciting the cavities of microwave power 

amplifiers such as the klystron. On the other hand, a linear array of 

cavities can accelerate electrons by transferring electromagnetic energy 

from the cavity fields to an electron beam. Microwave cavity geometry 

and dimensions determine the particular application of the cavity. Rec- 

tangular waveguides are used primarily for high-power microwave energy 

transport while cylindrical cavities are used in microwave power amplifi- 

cation and electron acceleration. 

The rectangular waveguide is the principal means by which micro- 

wave energy is transported long distances. Rectangular waveguides are 

used to transmit microwaves from the power amplifier to the electron 

acceleration section of a linear accelerator. This type of waveguide Is 

operated In what is known as the transverse electric (TE) mode. In the 

TE mode, the electromagnetic wave has no electric field component in the 

direction of travel. Although microwave guides in general will transport 

waves of an infinite number of resonant frequencies, guide dimensions are 

designed for transport in the most convenient frequencies.  In many cases 

this is the TE  mode. The power transported is given by the vector cross 

product of the transverse electric field and the magnetic field intensity. 

Cylindrical cavities, in electron linear accelerators, are used 

In both microwave power amplification and in electron acceleration. Simi- 

larly to the rectangular cavity, the lowest frequency, and most dominant, 

modes often are used. Cylindrical cavities are generally operated in what 

'i I 
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is called the transverse magnetic mode, TM.    This mode, characterized 

by an axial electric field and an azimuthal magnetic induction, is parti- 

cularly suitable for transferring power to electron beams. In addition, 

microwave power amplification is usually accomplished in high-energy 

accelerators by the klystron, a device utilizing TM-.-mode cylindrical 

cavities. 

The klystron, In its simplest form, consists of two interconnected 

cylindrical cavities, the first of which is called a buncher and the 

second a catcher. Microwaves from a radiofrequency oscillator are trans- 

ported to the buncher cavity of the klystron. Electrons, thermlonically 

emitted from a hot filament, enter the buncher cavity and are grouped or 

"bunched" by the alternating axial electric field. Bunched electrons are 

accelerated further by a DC  field and travel through a drift tube to the 

catcher cavity. The catcher cavity, resonant at the arrival frequency of 

the electron bunches, extracts a large portion of the electron kinetic 

energy converting it to electromagnetic energy. As a result, microwaves 

of Increased amplitudes are produced. Even greater power amplification 

can be accomplished by klystrons of multiple cavities. 

The cylindrical waveguides used for electron acceleration may be 

thought of as a linear array of many cylindrical cavities. This is accom- 

plished by introducing circular "washer-shaped" disks called Irises. 

Iris-loading of the cylindrical waveguide is necessary to reduce the phase 

velocity of the traveling wave in the waveguide to less than the velocity 

of light. This permits the coupling of the traveling-wave energy to the 

electrons under acceleration. The phase velocity of the traveling wave 

varies linearly with the spacing between the irises, thus, close iris 



182 

spacing means smaller phase velocity. On the other hand, because the 

axial electric field in the waveguide accelerates the electrons, iris 

spacing must be Increased along the length of the waveguide so that the 

microwave phase velocity increases in synchrony with the electron velocity 

thus establishing phase stability. Eventually, as the electron velocity 

approaches the velocity of light, iris spacing becomes constant. Conse- 

quently, electrons Injected into an iris-loaded cylindrical waveguide of 

proper dimensions are accelerated to kinetic energies which depend upon 

the magnitude of the axial electric field and the length of the acceler- 

ating guide as shown in Eq. (Cl). 

The remaining paragraphs describe the operation and the major 

components of a typical traveling-wave medical linear accelerator, this 

description is best provided by reference to Figure Cl which depicts, 

schematically, the basic components. The accelerator shown on Figure Cl 

and subsequently described possesses two acceleration sections and a 

phase-shifter component which are not typical of smaller linear accelera- 

tors. The basic accelerator may be divided into three major components: 

the microwave power supply component, the electron injector and accelera- 

tor section, and the gantry and treatment head components. 

Microwave power is provided by an oscillator, wh.'ch supplies 3000 

HEx (in S-band accelerators) low-power microwaves, and a microwave ampli- 

fies, in  tux» case a klystron, ruises from a 100 Hz oscillator, which 

serves as a "traffic director" in the accelerator, control a modulator 

which in turn controls a high-power switching device called a thyratron. 

The thyratron transfers high-voltage DC power to the klystron. At the 

same time the 3000 MHz oscillator delivers microwaves to the klystron for 
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amplification. The amplified microwaves from the klystron are transported 

to the acceleration section by means of rectangular waveguides filled with 

a dielectric gas such as SF,. 

The acceleration section consists of iris-loaded cylindrical wave- 

guides. Electrons are Injected into the acceleration guides by an elec- 

tron gun which delivers electron pulses at repetition rates also controlled 

by the 100 Hz oscillator. The electrons are then accelerated by the 

amplified 3000 MHz microwaves traveling through the waveguide. The 

increase in electron momentum Is given by (97) 

It " *Wo(or) C08* -     (C2) 

where dp/df is the time rate of change of the electron momentum, e is the 

electron charge, E  is the amplitude function for the axial electric 
OS ti 

field, I (ar) is a modified Beseel function of the argument or, and + is 

tbe phase angle. The variable r describes the radial dimension in the 

accelerating cylindrical waveguide. The final electron kinetic energy, 

as can be. seen from the above expression, is a function of the time the 

electron experiences the Influence of the electric field (and hence total 

waveguide length), the magnitude of the axial electric field, and of the 

value of the cos+ term which has to do with the phase coupling of the 

traveling waves in the guide. 

In the accelerator shown in Figure Cl, electron endpolnt energy 

is controlled primarily by varying the relative phase between traveling 

waves in the two accelerating sections. This is accomplished by changing 

the phase velocity of the traveling wave in that part of the rectangular 

waveguide which feeds the first acceleration section. The component 
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called the phase-shifter performs this task. The phase-shifter consists 

of a quartz rod and a mechanism capable of adjusting continuously the 

penetration distance of the rod Into the rectangular waveguide feeding 

section 1. The degree of penetration determines the dielectric constant 

of that section of the waveguide thus establishing the phase velocity of 

the wave In that region and shifting the relative phase of the microwaves 

in the first section with respect to the second section. Adjusting the 

phase-shifter changes the phase angle 4> for the electrons In the second 

acceleration section and changes the electron momentum gain. In addition, 

magnetic induction coils are wrapped around both accelerating sections In 

order to focus the electrons into an electron beam along the centerline 

of the sections. 

Accelerated electrons enter the gantry and therapy head section 

of the linac where the beam undergoes the necessary modifications required 

to produce an electron or bremsstrahlung beam. The gantry contains a 

series of bending magnets and quadrupoles that transport and steer the 

electron beam and analyze the energy. The gantry also serves to support 

the therapy head which contains components such as the variable collima- 

tors, the bremsstrahlung target and beam-flattening filter. 

Upon entering the gantry, the electron beam energy Is analyzed 

by means of a bending electromagnet and energy slit system (94). For a 

given magnetic field, electrons possessing c«it«iu discrete energies are 

deflected through some definite angle. Only electrons with energies 

within a certain percentage of a mean energy are transmitted through the 

energy slit opening. Microwave power is controlled by a servo energy 

slit system such that the electron beam energy is always adjusted to the 
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energy appropriate for transmission through the slit. Electron endpoint 

energy selection determines the magnetic field intensity by establishing 

the magnet deviation current. The resultant electron beam energy, T, is 

given by (59) 

<T2 + teh)** - Ber <C3) 

where T is the electron kinetic energy, m is the electron mass, e is the 

electron charge, c is the speed of light, B is the magnetic induction, 

and r la the electron orbit radius. After energy analysis, the electron 

beam la redirected by means of additional bending magnets to a direction 

perpendicular to the acceleration waveguide. The beam then enters the 

therapy head. 

The linac therapy head contains the elements that perform the 

final beam modifications prior to its exit from the accelerator.* These 

are the fixed and variable beam colllmators which restrict the beam sire, 

a removable target which allocs bremsetrahlung beam production, a beam 

flattening filter which creates a uniform beam Intensity in a plane per- 

pendicular to the beam axis, and an Ionisation chamber system whose 

purpose is to monitor beam position and Intensity. 

The lonlsstlon chamber ays tern consists of two pancake-type Ioni- 

sation chambers each divided diametrically In two. The chambers are 

stacked one on top of the other such that the beam traverses both of 

them. The chambers also are rotated 90 with respect to each other such 

that each of the four halves can be used to monitor the Intensity of the 

beam in one of four perpendicular directions. The signals from each of 

the four halves are used aa input to servo controls for beam-steering 

iflsa^QflflC»*^ '*••'• '•• "'• ''••''» *V •" T| '• '"'r|' *• ' *' '•' * ' "' * '' 
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magnetic quadrupoles» located in the gantry. Those act to center the 

beam. In addition to other uses» the ionlzation chambers' current is 

compared to a standard current supply and the electron gun current is 

automatically adjusted so that the beam intensity remains constant. 

Finally» the ionlzation chambers serve to monitor the total Integrated 

radiation dose delivered. 
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APPENDIX D 

Semiconductor Detector Spectrometer Syst 
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Gamma-ray spectrometers are radiation measurement systems used 

to determine the energy spectrum and fluence of gamma-' or x-ray-emit ting 

radioisotopes. Semiconductor detector systems are particularly well- 

suited for this purpose. They possess the advantageous characteristics 

of high sensitivity and superior energy resolution which allow accurate 

spectroscopic measurement. 

In this appendix, the general characteristics of semiconductor 

materials and the application of these materials to radiation detection 

are reviewed (63,98-103). The components and basic principles of pulse- 

height spectrometry systems also are described. Particular emphasis is 

placed on intrinsic germanium semiconductor detectors and on multichannel 

pulse-height analysis systems. 

In many radiation detection applications, such as gamma-ray 

spectroscopy, the use of a solid detection medium is preferred over a 

gas-filled chamber because of the increased sensitivity. The use of 

scintillation detectors for spectroscopy is fairly common. Their energy 

resolution, however, Is rather limited primarily due to the large contri- 

bution that statistical fluctuations make to the information-carrying 

pulse. The only way to reduce the influence of statistical fluctuations 

on the energy resolution of a detector is to increase the number of Infor- 

mation carriers Involved in pulse production. 

The use of semiconductor detectors results in a large number of 

information carriers per detection event and a very small amount of sta- 

tistical fluctuation in the processing of the charge pulse. Thus, much 

better energy resolution is achieved. For this reason, semiconductor 

detector systems are best suited for such radiation measurement applies- 

•*** • *j> •»•*• • 
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tions as gamma-ray spectroscopy where accurate determination of the 

photon energy is required. 

Electrons In an individual atom can assume only certain discrete 

energy levels. When atoms are brought into close proximity, such as in 

a crystal structure, these discrete energy levels tend to "smear" into 

energy bands. The most energetic electrons which are still bound to 

specific lattice sites within the crystal occupy what is known as the 

valance band. Electrons which are free to migrate through the crystal, 

and thus contribute to the material's electrical conductivity, occupy 

even higher energy states grouped into the conduction band. The valence 

and conduction bands are separated by a gap of normally forbidden energy 

states. 

The size of this band gap determines whether a material is an 

insulator or a semiconductor. In s^rlconductors the band gap energy is 

of the order of several electron-volts (aV), whereas insulators have band 

gaps greater than 5 aV (63). In the absence of thermal energy, the 

valence band is completely filled and the conduction band is completely 

empty. Because of the relatively small band gap energy of semiconductors, 

In the presence of induced excitations, some valence band electrons may 

acquire sufficient energy to cross the band gap to the conduction band. 

An electron, now in the conduction band, and its associated vacancy In 

the valance band form what is known as an electron-hole pair. The pre- 

sence of electron-hole pairs, produced by ionising radiation, changes the 

electrical conductivity of the material. Thus electron-hole pairs con- 

stitute the basic information carriers of semiconductor detectors. 

The presence of impurities affects the conductivity of semicon- 

fr v.'-'•>•••»'• i 
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ductors. In a high purity or Intrinsic semiconductor, the number of 

electrons in the conduction band equals the number of holes in the valence 

band. In relatively pure semiconductors such as germanium and silicon, 

however, even minute quantities of impurities can determine their elec- 

trical properties. Impurities may be electron donors or electron accep- 

tors depending on their valence electron number. In the case of an elec- 

tron donor impurity, excess loosely-bound electrons remain after the 

impurity has formed covalent bonds. A semiconductor containing this type 

of Impurity is termed n-type and its electrical conductivity Is determined 

by the flow of electrons. If the li>crity is an electron acceptor, empty 

covalent bond sites result in the formation of holes. In these materials, 

the holes determine the electrical conductivity and the semiconductor Is 

said to be p-type. 

If donor and acceptor impurities are present in a semiconductor 

in equal concentrations, the material Is said to be compensated. Compen- 

sated semiconductor materials have some of the properties of Intrinsic 

semiconductors, i.e. equal amounts of electrons and holes. Compensation 

may be accomplished by the lithium ion drifting process In which donor 

atoms (lithium) are added to basically p-type semiconductor materials 

such as germanium or silicon. The widely used Ge(Li) and SI(Li) semicon- 

ductor detectors are made in this way. 

Directly-Ionizing radiation deposits energy in semiconductor 

materials resulting in the production of electron-hole pairs. The number 

of electron-hole pairs or charge carriers produced is determined by the 

amount of energy deposited. The total number of charge carriers in the 

semiconductor, however, will not be determined exclusively by the energy 

••-*-•' • - • •- • •-'• 
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deposited but will also include "background" charge carriers due to 

thermal excitations and to the presence of even minute amounts of impuri- 

ties.    Background carrier concentration can b* reduced by applying an 

electric field to the semiconductor detector region.    Care must be taken 

when applying the field in order to be sure that charge carriers removed 

at one end of the semiconductor detector region are not relntroduced into 

the region from the other end.    For this purpose, special "blocking con- 

tacts" are required.    The most suitable blocking contact is the junctid 

of p-type and n-type semiconductor materials.    This junction is referred 

to aa the p-n junction. 

When a p-type semiconductor is joined to an n-type semiconductor, 

a concentration gradient Is created in the conduction band at the junction 

due to the increased density of conduction electrons in the n-type mater- 

ial.    The gradient insures that the electrons will diffuse across the 

junction to the p-type material.    Here the electrons will combine with 

the holes.    A similar and symmetrical argument can be made for the migra- 

tion of holes from the p-type to the n-type semiconductor material.    This 

charge migration results in a net negative space charge In the p-type 

side of the junction and a net positive apace charge in the n-type side. 

The residual space charge produces an electric field which opposes further 

diffusion across the junction thus establishing a steady-state charge 

distribution.    The region of the charge imbalance la called the depletion 

region because the concentration of electrons and holes la greatly reduced. 

If an electric potential is applied across a p-n junction such 

that the p-type side is made negative end the n-type elde la made positive, 

the junction is said to be reverse biased.    Under this condition, the 

-  • '   . - • •'•>-'-•'   ' •*• •**•"•' • •'•   • "*-'*'''-'• *-   :—     •'' '""•''> 
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applied potential enhances the junction's natural space charge distribu- 

tion and thus Increases the potential difference across the junction. 

This ultimately results In a wider depletion region within which charge 

carriers that may be produced through the action of ionizing radiation 

can be efficiently collected. With the potential difference the junction 

also functions as a blocking contact because the «introduction of charge 

carriers from outside the depletion region is prevented when charge car- 

riers produced within the region are collected. The depletion region of 

a reverse biased p-n junction may, therefore, act as the sensitive volume 

of a semiconductor radiation detector. 

The width of the depletion region of a semiconductor detector is 

proportional to the material's electrical resistivity If the material Is 

free from impurities. The reduced concentration of Impurity in high- 

purity germanium (HPGe) allows the formation of relatively large depletion 

regions. These enlarged depletion regions Increase the active volume of 

the semiconductor detector thus making It suitable for the detection of 

penetrating Ionising radiation such as gamma rays. 

The semiconductor properties of HTGe tend to be p-type due to 

the presence of small amounts of residual acceptor impurities or to accep- 

tor centers associated with the Ge crystal itself. The basic configura- 

tion of an HPGe detector la sometimes referred to as n - r - p where 

n , p refers to high concentration n- and p-typc semiconductor materials 

respectively and p refers to the bulk HPGe materiel itself. 

HPGe detectors ere often fabricated in what is known es coaxial 

geometry In order to achieve the large«t active volumes. The outer sur- 

face of the crystal (n -type) is formed by lithium diffusion onto the 

ik* 



194 

crystal surface. The detectorfs depletion region is formed by reverse- 

biasing this n -p Junction. The inner (p -type) contact is often formed 

by removing the inner core of the Ge crystal, etching the inner surface 

and then evaporating either gold or aluminum for electrical contact (63). 

If the reverse-biasing voltage is high enough, the entire p-region of the 

detector becomes totally depleted thus resulting in an active volume 

almost equal to the size of the crystal itself. 

Germanium detectors are operated at cryogenic temperatures. This 

is necessary to minimize leakage current. Current due to thermally-gener- 

ated charge carriers may constitute the largest source of leakage current. 

Germanium detectors are specially susceptible to leakage current because 

of the lover band gap energy, 0.67 eV. The current observed at the edges 

of a reverse-biased junction when a high voltage is applied constitutes 

another source of leakage. This current, called surface leakage", is 

negligibly small provided the detector has good encapsulation. 

The charge carriers produced in an ionizatlon or excitation event 

in a semiconductor detector produce a voltage pulse whose amplitude is 

directly proportional to the amount of energy deposited in the detector. 

An electronic system that is capable of discriminating and recording the 

distribution of amplitudes of a series of pulses produced by a detector 

is called a pulse-height spectrometer. The pulse-height spectrometer 

system generally consists of a detector, preamplifier, an amplifier, and 

a pulse-height analyzer frequently a multichannel analyzer. These compo- 

nents amplify, shape, analyze and record pulses according to their ampli- 

tude. 

The charge involved in an individual detector output pulse is 

»*- •»--— 



195 

so small that some initial amplification is required prior to processing 

and analysis. This function is accomplished by the preamplifier which is 

usually located In close proximity to the detector itself. The preampli- 

fier also serves as an impedance, matcher between the detector and the 

other components. It presents a high impedance to the detector to mini- 

mise loading while providing low impedance output to the signal cable and 

components which follow (101). 

The preamplifier output pulse generally has small amplitude and 

rapid rise and long fall times. Linear amplifiers are used to convert 

such a low amplitude pulse to one of sufficient amplitude and proper shape 

to drive the pulse analysis components electronics. Semiconductor detec- 

tor pulses are generally shaped, using RC circuit elements, into Gaussian- 

like pulses that have rapid rise and rapid fall times (100). 

The multichannel analyser (MCA) is he component of the pulse- 

height spectrometer that discriminates and sorts the pulses according to 

their amplitude. The operation of the MCA involves conversion of pulse 

amplitude, an analog signal, to an equivalent digital number. The conver- 

sion is accomplished by an analog-to-digital converter (ADC). Most ADC's 

use the V.Tilklnson-type linear r*mp converter to digitize pulse height 

although other analog-to-digltal conversion methods exist. 

In the Wilkinson-type converter, a capacitor charges linearly in 

time to a level which depends on the amplitude of the input pulse. A 

comparator circuit compares the magnitude of the accumulated capacitor 

charge with the amplitude of the input pulse. During the time the capaci- 

tor is charging, clock pulses from a high-frequency oscillator (about 50 

to 100 MHs) are counted. The number of pulses accumulated is proportloaal 

-. ;v v. *,<-*,*•„«-.« .- ,-•• - . .- .• .- .- .-•.• ,* .* ,- y .* 
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to the charging time of the capacitor which in turn Is proportional to 

the input pulse*s amplitude. 

The pulse amplitude values from the ADC fall into intervals of 

pulse height, or channels.    The pulse-height distribution is stored in a 

cowputer-type memory which has as many addressable locations as the maxi- 

mum number of channels.    The number of memory locations is usually made 

a power of two with memories of 256 to 4096 channels being most common. 

The distribution in frequency of pulses observed as a function of pulse 

height is called the pulse-height spectrum.    The pulse-height spectrum 

can be displayed or recorded on peripheral output devices such as a 

cathode ray tube or teletypewritert can be transferred to some computer- 

accessible media such us paper type or magnetic tape, or can be processed 

by microprocessor-type programs for spectrum analysis. 

Intrinsic germanium and multichannel analyzer pulse-height spec- 

trometer systems are particularly well-suited for gamma-ray detection and 

measurement applications where precise gamma-ray energy determination is 

necessary.    Intrinsic germanium possesses the sensitivity and energy 

resolution required for such detailed analyses.    Modern multichannel 

analyzer systems permit efficient data collection and manipulation so 

that pulse-height spectrum examination is facilitated.    Such systems 

enable precise definition of the nature and amount of radioactive Isotope 

in a sample. 
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APPENDIX E 

Thick-Target Bremsstrahlung Computer Program 
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This appendix presents a listing of the brems Strahlung computer 

program described in the Bremsstrahlung Spectrum section of Chapter III. 

The program is written in Data General FORTRAN 5. It consists of a main 

program (BREM.FR) and seven subroutines (INT.FR, DFS.FR, AT.FR, ANG.FR, 

STP.FR, TRN.FR, and PBAT.FR). Each is briefly documented by comment 

statements appearing at the beginning of the computer code. Bremsstrah- 

lung spectra, contained in the two-dimensional array NIJ(I.J), are written 

to the test file, BRMTST.OUT, to allow Inspection of the spectra, and to 

the file BRM.OUT which is later used as input for the Least Structure 

cross section computer program. 

--»• 
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A************************************************** 

*** PROGRAM BREM.FR *** 

PROGRAM TO GENERATE BREM SPECTRA FROM THICK TARGETS 
FOR PHOTONUCLEAR CROSS-SECTION DETERMINATION. 
DATA GENERAL FORTRAN 5 CODE IS USED. 

KARL PRADO, MARCH 1983 

C 
C 
c 

c 
c 
c 

c 
c 
c 
c 
c 
c 

c 
c 
c 

c 
c 
c 

REAL NIJ(35,35), E(50), K(50), NK(50), 
. NPCTIJ(35,35), NPCTK(50) 
DIMENSION TITLE(5) 
DATA E/50*0.0/, K/50*0.0/, NK/50*0.0/, 

. NPCTK/50*0.0/ 

DO 11 1-1,35 
DO 11 J-1,35 
NIJ(I,J)«0.Q 
NPCTIJ(I,J)-0.0 

II CONTINUE 

OPEN INPUT AND OUTPUT FILES 

OPEN 5, 'BRM.IN1 

OPEN 6, *BRM.OUT* 

TEST FILE BRMTST.OUT 

OPEN 7, 'BRMTST.OUT' 

READ THE INPUT FILE 
1. TITLE 
2. EMIN,DE 
3. NPTS 

READ (5,190) TITLE 
190 FORMAT (5A4) 

READ (5,290) EMIN,DE 
290 FORMAT (F7.4,1X,P6.4) 

READ (5,390) NPTS 
390 FORMAT (13) 

DEPFINE TARGET PARAMETERS 

TTHICK-7.72 
DELTAT-0.0386 
NSLABS-200 
XFLAT-3.055 

ENDPOINT AND PHOTON ENERGY BINS SET-UP 

XI1-0.0 
DO 10 1-1,NPTS 
E(I)«EMIN+XI1*DE 
K(I)-E(I)-0.5*DE 

•ft-li^iHli •! H* ill    |1 
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xii-xii+i.o 
10 CONTINUE 

C 
C    **>* START ENDPOINT ENERGY DO LOOP ***** 
C 

DO 1 X-1,NPTS 
ENDPT-E(I) 
DO 222 IJK-1,50 

222 NPCTK(IJK)-0.0 
C 
C    **** START PHOTON ENERGY DO LOOP **** 
C 

DO 2 J-1,I 
CAY-K(J) 

C 
C    **• 2% ENDPOINT SPREAD LOOP *** 
C 

DO 111 IPCT-1,3 
IF(IPCT.EQ.1)ENDPT-(E(I)-.02*E(I)) 
XF(IPCT.EQ.2)ENDPT"E(I) 
ir(IPCT.EQ.3)ENDPT-(E(I)+.02*E(I)) 
IF(IPCT.EQ.1)XPCT».25 
IP(IPCT.EG.2)XPCT-.50 
IF(IPCT.EQ.3)XPCT-.25 

C 
C    *** START SLAB SUMMATION DO LOOP *** 
C 

TEAVE-ENDPT . 
XNSUM-0.0 
SWFRST-l.C 
PTHETA-0.0 
XI2-1.0 
DO 3 ISLAB-1,NSLABS 

C 
C    SET UP SLAB DISTANCES 
C 

DXSTI-(XI2*DELTAT)-(0.5*DELTAT) 
DISTX«TTHICK-DISTI 
XI2-XI2+1.0 

C 
C    TEAVE FOR THE SLAB 
C 

CALL STP (TEAVE.DTDS) 
IF (SWPRST.EQ.1.0) GO TO 71 

C 
C    TEAVE FOR ISLAB > 1 
C 

DBETEE-(DELTAT*DTDS)/CCS(THETA) 
IF   (DEETEE.GT.TEAVE)   DEETEE-TEAVE 
TEAVE-TEAVE-DBETEB 
GO TO 77 

C 
C    TEAVE FOR ISLAB - 1 
C 

71 DEETEE-(0.5*DELTAT*DTDS) 
IF (DEETEE.GT.TEAVE) DEETEE-TEAVE 
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TEAVE-TEAVE-.DEETEE 
SWFRST-0.0 

77 CONTINUE 
C 
C    CALCULATE XNT 6 RMS ANGLE 
C 

CALL ANG (TBAVE,DELTAT,PTHETA,THETA) 
PTHETA«THETA 

C 
: AVNO-6.Q2217E23 
?TOP-AVNO*DELTAT 
BBOT-183.85*COS(THETA) 
XNT-TTOP/BBOT 

C 
C    INTRINSIC SPECTRUM 
C* 

CALL INT (TEAVE,CAY,DE,THETA,XNSK) 
XNTK>XNSK*XNT 

C 
C    PHOTON ATTENUATION BY REMAINING SLABS 
C 

CALL AT (CAY,DISTX,ATFACT) 
XNTK«XNTK*ATFACT . 

C 
C.    ELECTRON TRANSMISSION FACTOR 
C 

PALL TRN <ENDPT,DISTI,TRANS) 
XNTK-XNTK*TRANS 

C 
C    SUM SLAB CONTRIBUTIONS 
C 

XNSUM«XNSUN+XNTK 
C 
C    •*• ENO SLAB SUMMATION DO LOOP *** 
C 

3 CONTINUE 
C 
C    MULTIPLY BY SAMPLE SOLID ANGLE 
C 

XNPHOT-XNSUM*0.3288365 
C 
C    PHOTON ATTENUATION BY FLATTENING FILTER 
C 

CALL PBAT (CAY,XFLAT,PBATEN) 
XNPHOT-XNPHOT*PBATEN 

C 
C    WRITE PHOTON NUMBER (XNPHOT) TO THE ELEMENT (I,J) 
C    OF THE ARRAY NIJ, AND TO THE ELEMENT (J) OF THE 
C    ARRAY NK. 
C 

NIJ(I,J)•XNPHOT*XPCT 
NK(J)-XNPHOT*XPCT 
NPCTU (I, J)«NPCTIJ (I, J) *NIJ (I. J) 
NPCTK(J)-NPCTK(J)>NK(J) 

C 
C    *** END 2% LOOP *** 

* * 
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I 

C 
111 CONTINUE 

C 
C    *** END PHOTON ENERGY DO LOOP *** 
C 

2 CONTINUE 
C 
C    WRITE PHOTON SPECTRA TO TEST FILE 
C 

WRITE (7,195) ENDPT 
195 FORMAT (5(/),1X,'BNDPOINT ENERGY - *,F7.4,/) 

WRITE (7,295) 
295 FORMAT (/,1X,'PHOTON',10X,'PHOTON',/,IX, 

•ENERGY',10X,'NUMBER',//) 
DO 44 L-1,I 

44 WRITE (7,395) X(L), NPCTK(L) 
395 FORMAT (1X,P7.4,4X,E14.6) 

C 
C    #*** END BNDPOINT ENERGY DO LOOP *** 
C 

1 CONTINUE 
C 
C    WRITE BREM SPECTRA TO FILE BRM.OUT.  FILE 
C    3RM.OUT CONTAINS THB BREM SPECTRA TO BE 
C    USED TO OBTAIN THE PHOTONUCLBAR CROSS-SECTION. 
C 

DO 55 I-1,NPTS 
55 WRITE (6,495) (NPCTIJ(I,J), J«1„I) 

495 FORMAT (E14.6) 
C 
C    CLOSE FILES AND END 
C 

CLOSE 5 
CLOSE 6 
CLOSE 7 
CALL EXIT 
END 

^3S v>>'T\'7»?; vvvvv 
^Mja^ay; i i ili i l i vi     —  
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C     *** SUBROUTINE INT.FR *** 
C 
C     INTEGRATES THE DIFFERENTIAL-IN-ANGLE SCHIFF 
C    SPECTRUM (FROM SUB. DFS.FR) OVER ANGLES 
C    UP TO THAT DETERMINED BY MULTIPLE SCATTERING 
C     IN THE SLAB (FROM ANG.FR). 
C 

SUBROUTINE INT (T,CAY,DB,RADIAN,SPCT) 
C 

SPCT-0.0 
DRAD-Q.0174532 
XN-0.0 

C 
C SUM-OVER-ANGUSS .DO  LOOP 
C 

.     DO 2  1-1,44 
XRAD-XN*DRAD 
IF(XRAD.GT.RADIAN) GO TO 300 
CALL DFS (T,CAY,DE,XRADPTMP) 
SPCT-SPCT+THP 
XN-XN+1. 

* 2 CONTINUE 
C 

300 RETURN 
END 
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^ C •* SUBROUTINE DPS.FR ** 
a C 

,,.« 

C    SUBROUTINE FOR CALCULATING 3REM. SPECTRA BASED 
C    ON SCHIFF*S DIPPERENTIAL-IN-ANGLE CROSS SECTION. 
C    FROM: LENT AND DICKINSON, UCRL-50442. 
C 

SUBROUTINE DPS (T,CAYrDK,ANGL,SPECTR) 
C 

U-0.511 
Z-74.0 
PI-3.14159 
E-T+U 
ROSQ-5.794E-28 
SIGMAO-ROSQ* Z*(Z+l.) 

C 

C 
PHI-(E*ANGL)/U 

IF (CAY.GT.T) GO TO 9 
FACTOR-l.+(PHI**2.) 
DIV1-111.*FACTOR 
DIV2-Z**.33333 
SUM1-(DIV2/DIV1)**2. 
PRODI-CAY/(E-CAY) 
PROD2-U/(2.*E) 
8UM2-(PROD2*PRODl)**2. 
ONEOVR-SUM1+SUM2 
EMPHI-l./ONEOVR 
EMLN-ALOG(EMPHI) 
XKE-CAY/E 
Sl-l.-XKE 
S2-(4.*(PHI»*2.))/FACTOR**2. 
S3-1.+(1.-XKE)**2. 
SQRBRK-S3-(82*81) 
BRC1«SQRBRX*EMLN 
BRC2-(2.-XKE)**2. 
Bl-(16.*PHX**2.)/PACTOR**2. 
BRC3-B1*S1 
BRACE-BRC3-BRC2+BRC1 
FACTl-l./(PACTOR**2.) 
P1-(B/U)**2. 
FACT2«(F1*DK)/CAY 
FACT3-(2.*SIGMAO)/PI 
C0NST-FACT3*FACT2*FACT1 
SPECTR-CONST*BRACE 
GO TO 1 

9 SPECTR-0.0 
1 RETURN 

C 
C END OP SUBROUTINE 
C 

END 

••rv. «~. s. 
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C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
c 
C 
C 
C 
c 

** SUBROUTINE ANG.FR ** 

SUBROUTINE ANG CALCULATES RNS ANGLE (THETA) FOR 
ELECTRONS IN TUNGSTEN. BICHSEL IN ATTIX RAD. DOSIMETRY I 
2-74, A-183.85, 2MSC2-1.022, B-7.35 (INTERPOLATION TABLE 
XIII, P.221, ATTIX VOL. I, FOR DELTAT - 0.0386 GM/CM2) 

MODIFIED ANGLE (NODTHETA) : 
1. B-B-1.2 (HANSOM A.O., ET AL, PHYS REV 84, 634 (1951)) 

THEREFORE B-6.15 
2. MODTHBTA»(THETA**2.*PTHETA**2.)**.5 

PTHETA*PREVIOUS SLAB'S ANGLE 
3. THETA LINITED TO 0.734 RAD (42 DEG.) 

(FERDINANDE H., ET AL, NUC INST METH 91, 135 (1971)) 
4. WILL USE B-B-5.01-2.34 BASED ON FWHM DATA 

SUBROUTINE ANG (T,D,PPHI,PHI) 

XNUMER-0.157*74.*75.*D*2.34 
XDENOM-183.85*T*(T+1.022) 
PHISQR-XNUMER/XDENOM 
PHIl-SQRT(PHISQR) 
PHI-SQRT(PHI1**2.+PPHI**2.) 
IF(PHI.GT.0.7340) PHI-0.7340 
RETURN 
END 

«*_v, 
.-^«ii^""^1 '»^ 'f*-1', "x **;""• ~"5T"*'~ v *«•.-. 
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C    ** SUBROUTINE AT.FR ** 
C 
C     SUBROUTINE AT CALCULATES THE PHOTON ATTENUATION FACTOR 
C     EXP-(MU*X) MU TUNGSTEN (STORM ft ISRAEL, NUC DAT TABLES 
C    A7, 565, (1970)). X (DISTX IN MAIN) IS IN GM/CM2 AND IS 
C    EQUAL TO TTHICK - DISTI. 
C    **•**# note DISCONTINUITY AT ABOUT XX-1.0. ****** 
C    AT KX-1 NU IS FOR 1, AT KK<1 MU IS FOR 0.5, AT KK>1 MU 
C    IS FRON CURVE. 
C 

SUBROUTINE AT (KK,X,ATNATN) 
C 

REAL KX, NU 
C 
C    FIND NU(XX) 
C 

IF(KK.LT.l.O) MU-0.1363 
XF(XX.EQ.l.O) MU-0.0655 
XF(KX,GT.1.0.AND.KK.LT«4.0) MJ-0.0493*(ALOG10(KK))**2.0 

• -0.0591*<ALOG10(XX))+0.0577 
XF(XX.GE.4,0.AND.XX.LT.20.0) MU-0.0359*(ALOG10(KK))**2.0 

• -O.O431*(ALOG10(KK))+O.O529 • 
IF(XX.CE.20.0) NU-0.047*(ALOG10(XX))-0.0037 

C 
C    CALCULATE ATTENUATION FACTOR 
C 

BXPONT—1.0*NU*X 
ATNATN-EXP(EXPONT) 

C 
RETURN 
END 

••1 
• - 
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C    ** SUBROUTINE STP.FR ** 
C 
C    SUB, STP CALCULATES STOPPING POWER OF ELECTRONS IN 
C    TUNGSTEN. BERGER ft SELTZER NASA SP-3012 
C 

SUBROUTINE STP (BE,DTDS) 
C 

IF(EE.LT.l.O) DTDS-1.175 
IF(EE.GE.1.0.AND.EE.LE.15.0) DTDS-1.25*(ALOG10(EE))**2, 

. 41,175 
IF(EE.GT.15.0.AND.EE.LS.30.0) DTDS-7.C433*(ALOG10(EE)) 

• -5*. 391 
IF(EE.GT.3C0) DTDS-11.91* (ALOG1Ü (EE) )-12. 59 

C 
RETURN 
END 

^•;.:J:-Jv^'^v^.^^.'-'/V.-'t,,«.J-VV^>.'>- :'•,-'.''•• »Akii. v- * •' ••' ••'•••*•-• v ••         — 
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• \ 

'J 

c 
c 
c 
c 
c 
c 
c 

c 

c 

c 

c 

** SUBROUTINE TRN.FR ** 

SU3. TRN CALCULATES A TRANSMISSION FACTOR FOR AN 
ELECTRON BEAM OF ENERGY ENDPT THROUGH A DISTANCE 
EQUAL TO DISTI. FROM: EBERT, PHYS REV 183, 422, 
(1969). 

SUBROUTINE TRN (ENDPT,DISTI,TRANS) 

BETA1-387.0*BNDPT 
BETA2-74.0*(l.+0.000075*74.0*(ENDPT**2.0)) 
BETA3-BETA1/BETA2 
BETAMBETA3)*«0.:*5 

ALPHA«(1.0-(1.G/BETA))**(1.0-BETA) 

FAC1-U25.0/(74.0+112.0))*ENDPT*0.565 
FAC2-(175.0/(74.0+162.0))*0.423 
REX-FAC1-PAC2 

EXPNT-(-1.0*ALPHA)*((DISTI/REX)**BETA) 
TRANS-EXP(EXPNT) 

RETURN 
END 

rlViVi'ii - — -'       - — - - -- -    - - - _•.- 
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ks 

Kr. 

c 
c 
c 
c 
c 
c 

*«* SUBROUTINE PBAT.FR *** 

SUBROUTINE PBAT CALCULATES MU (CM2/G) FOR LEAD 
FOR THE PURPOSE OF FLATTENING FILTER ATTENUATION 
(STORM AND ISRAEL, NUC DAT TABLES A7, 565 (1970)) 

SUBROUTINE PBAT (XE,XD,XF) 

IF(XB.LT.l.O) PBMU-.1590 
XF(XE.EQ.l.O) PBMU-.0703 
IF(XE.GT.1.0.AND.XE.LT.3.0) PBMU«.0746»(ALOG10(XE))**2. 

. -.0812*(ALOG10(XE))+.0637 
IF(XE.GE.3.0.AND.XE.LE.4.0) PBMU-.0416 
IF(XE.GT.4.0.AHD.XE.LE.15.0) PBMU-.0328*(ALOG10(XE))**2 

,  -.0357*(ALOGIO(XE))*.0513 
XF(XE.GT.15.0) PBMU».04977*(ALOG10(XE))-.0038 

PI—1.0*XD*PBMU 
XF-EXP(Pl) 

RETURN 
END 

*j 

ii ii I •  I i 'ii'Ai r' -' - -'— • -'-«— -• r *•"- *•'-*"- *•- "*-*"- »" I •»»*•• LUUi*^:»i- 
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APPENDIX F 

Bremsstrahlung Spectra at 25, 24, 22, 20, 18, 

and 15 HeV Endpoint Energies 

,*v*» v-.*.\v 
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This appendix presents thick-target bremsstrahlung spectra, with 

and without the ±2% endpolnt energy spread, at selected endpoint energies, 

obtained from the thick-target bremsstrahlung computer program. The 

2 
Spectra were produced assuming a 7.72 g/cm tungsten target, a radiation 

2 
cone of 0.329 steradians, and a beam filtration of 31.78 g/cm (2.8 cm) 

of lead. Although these conditions apply strictly to bremsstrahlung pro- 

duced by the Sagittaire accelerator, spectral shapes are considered 

fairly representative of flattened clinical beams generated at the above 

potentials. 

** .% •- '• *• .". \\N 
^^^^;Vv\v^-t »y. .-•» -\  > |. •:> . •;. •. .. . i. y. ^i^^:-»_ >-. ^ 
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24.0 MEV SPECTRUM 

ENERGY PHOTON PHOTON ENERGY 
BIN ENERGY FLUENCE FLUENCE 

1,00 .50 1.10SE 00 5.528E-01 
2.00 1.50 1.647B 01 2.470E 01 
3.00 2.50 1.250E 01 3.125E 01 
4.00 3.50 8.845E 00 3.096E 01 
5.00 4.50 6.345E QO 2.855E 01 
6.00 5.50 4.698E 00 2.584E 01 
7.00 6.50 3.563E 00 2.316E 01 
8.00 7.50 2.750E 00 2.063E 01 
9.00 8.50 2.151E 00 1.828E 01 
10.00 9.50 1.698E 00 1.613E 01 
11.00 10.50 - 1.348E 00 1.416E 01 
12.00 11.50 1.073E 00 1.233E 01 
13.00 12.50 8.531E-01 1.066E 01 
14.00 13.50 6.759E-01 9.124E 00 
15.00 14.50 5.320E-01 7.714E 00 
16.00 15.50 4.118E-01 6.384E 00 
17.00 16.50 3.143E-01 5.186E 00 
18.00 17.50 2.351E-01 4.114B 00 
19.00 18.50 1.7C9B-01 3.162E 00 
20.00 19.50 1.187E-01 2.314E 00 
21.00 20.50 7.658E-02 1.570E 00 
22.00 21.50 4.317E-02 9.282E-01 
23.00 22.50 1.868E-02 4.202E-01 
24.00 23.50 3.196E-03 7.511E-02 
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20.0 MEV SwECTRUM   (+/-  2%) 

,>• 

I 

^ 

ENERGY PHOTON PHOTON ENERGY 
BIN ENERGY FLUENCE FLUENCE 

1.00 .50 7.674E-01 3.837E-01 
2.00 1.50 1.157E 01 1.735E 01 
3.00 2.50 8.701E 00 2.175E 01 
4.00 3.50 6.090E 00 2.132E 01 
5.00 4.50 4.318E 00 1.943E 01 
6.00 5.50 3.155E 00 1.736E 01 
7.00 6.50 2.358E 00 1.532E 01 
8.00 7.50 1.788E 00 1.341E 01 
9.00 8.50 1.359E 00 1.164E 01 

10.00 9.50 1.052E 00 9.995E 00 
11.00 10.50 8.077E-01 8.481E 00 
12.00 11.50 6.159E-01 7.083E 00 
13.00 12.50 4.637E-01 5.797E 00 
14.00 13.50 3.415E-01 4.611E 00 
15.00 14.50 2.440E-01 3.538E.00 
16.00 15.50 1.652E-01 2.561E 00 
17.00 16.50 1.040B-01 1.716B 00 
18.00 17,50 5.775E-02 1.011E 00 
19.00 18.50 2i465E-02 4.560E-01 
20.00 19.50 4.518E-03 8.811E-02 
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2>2 

15.0  MEV SPECTRUM 

ENERGY PHOTON PHOTON ENERGY 
Bill ENERGY PLÜENCE FLUBNCE 

1.00 .50 4.218E-01 2.109E-01 
2.00 1.50 6.473E  00 9.709E  00 
3.00 2.50 4.77XE  00 1.193B  01 
4.CO 3.50 3.260E  CO 1.141E  01 
5.00 4.50 2*248E  00 1.012E  01 
6.00 5.50 1*5891  00 8.738E  00 
7.00 6.50 1.139E  00 7.400E  00 
8.00 7.50 8.175E-01 6.131E  00 
9.00 8.50 5.814B-01 4.942E  00 

10.00 9.50 4.046E-01 3.844E  00 
11.00 10.50 2.7C3E-CI 2.838E 00 
12.00 11.50 1.681E-01 1.934E  00 
13.00 12.50 9.253E-02 1.1S7E  CO 
14.00 13.50 3.890B-02 5.251E-01 
15.00 14.50 6.128E-03 8.886E-02 
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